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I. SUMMARY 
A. PURPOSE 
The purpose of t h i s  program by Arthur D. L i t t l e ,  Inc. ,  (ADL) f o r  
t h e  Nat ional  Aeronautics and Space Administration (NASA) w a s  t o  develop 
an improved thermal micrometeoroid garment whose in su la t ion  and mechanical 
p rope r t i e s  and non-flammability are s u b s t a n t i a l l y  b e t t e r  than Gemini-type 
thermal micrometeoroid garments. 
B. SCOPE 
The program included s e l e c t i o n ,  screening,  and experimental  evalua- 
t i o n  of i n su la t ion  r a d i a t i o n  s h i e l d s  and spacer  materials; measurement of 
thermal conductance of 1 7  thermal micrometeoroid garment i n su la t ions  i n  
a guarded cold-plate calor imeter ;  ana lys i s  of thermal micrometeoroid 
garment f a b r i c a t i o n  techniques and the  types of f a i l u r e  which have 
occurred, and development of improved f a b r i c a t i o n  techniques which adapt 
spacecraf t  mul t i layer  i n s u l a t i o n  techniques t o  space s u i t s ;  and f lexure-  
wear and space s imulat ion t e s t i n g  with a f l e x i b l e  elbow calor imeter  of a 
thermal micrometeoroid garment s ec t ion  which incorporated the  b e s t  insul-  
a t i o n  and f a b r i c a t i o n  techniques developed i n  t h e  program. Preliminary 
spec i f i ca t ions  w e r e  es tab l i shed  f o r  t h e  thermal i n s u l a t i o n  material and 
f ab r i ca t ion  of improved micrometeoroid garments. 
C. RESULTS 
1. Materials Development 
The abras ive  wear r e s i s t a n c e  of  low-emittance aluminized 
su r faces  of r a d i a t i o n  s h i e l d s  w a s  s u b s t a n t i a l l y  improved 
by overcoating t h e  su r faces  with 500 A of vapor- 
deposited germanium. With less than 1000 cyc les  of 
abras ive  wear aga ins t  f i b e r g l a s s  marquiset te  spacers  
a t  a compression of 0.2 p s i ,  t h e  s u r f a c e  of aluminized 
0.5-mil polyimide (DuPont Kapton)--a r ad ia t ion  s h i e l d  
even more advanced t echn ica l ly  than t h e  Gemini-type 
0 
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r a d i a t i o n  shield--was v i s i b l y  degraded and 
t h e  measured emittance of t h e  sur face  increased from 
0.025 t o  0.20. 
0.5-mil polyimide f i l m  were subjec ted  progress ive ly  t o  
500 cyc les  of w e a r  aga ins t  t he  sane material a t  9 incre- 
mental loads from 0.2 t o  1.8 p s i  and t h e  su r face  d id  not 
show apprec iab le  degradation. 
from 0.026 before  wear t o  va lues  i n  t h e  range from 0.027- 
0.029 a f t e r  wear. 
Samples of germanium-overcoated aluminized 
The emittance increased 
The low-emittance su r faces  of r a d i a t i o n  sh ie lds  are not 
s i g n i f i c a n t l y  degraded by vapor-deposited germanium over- 
coatings.  An overcoating of 500 A of germanium increases  
t h e  emittance of vapor-deposited aluminum sur faces  from 
0.025 t o  0.027 and t h e  emittance of vapor-deposited gold 
sur faces  from 0.016 t o  0.017. 
0 
Effec t ive  r a d i a t i o n  s h i e l d s  can a l s o  be achieved by apply- 
ing gold t o  polyimide f i lm by a commercial l i q u i d  b r i g h t  
gold process.  These r a d i a t i o n  s h i e l d s  have an emittance 
of 0.018. The su r face  has good abrasion r e s i s t ance ;  
a f t e r  500 cyc les  of abras ive  wear aga ins t  f i b e r g l a s s  
marquise t te  spacers a t  9 success ive ly  increasing loads 
from 0.2 t o  1.8 p s i ,  t h e  measured sur face  emittance 
increased t o  0.025. 
A l l  polymeric f i lm  materials a v a i l a b l e  f o r  use as radia- 
t i o n  s h i e l d s  are flammable i n  16.2-psia oxygen. 
Germanium-overcoated 0.5-mil aluminized polyimide and 
l i q u i d  b r i g h t  gold-coated 0.5-mil polyimide r a d i a t i o n  
s h i e l d s  range from s e l f  -extinguishing t o  flammable i n  
a i r  while aluminized po lyes t e r  (base l ine  Gemini-type 
r a d i a t i o n  s h i e l d s )  are highly flammable i n  air. 
2 
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2. Evaluation of Radiat ion Shie ld  and Spacer Combinations 
a. Thermal Conductance a t  No-load 
All of t h e  thermal micrometeoroid garment samples with 
double-aluminized o r  double gold-coated r a d i a t i o n  s h i e l d s  
and loose spacers of f l e x i b l e  polyurethane foam, Beta 
marquise t te  f i b e r g l a s s  , o r  m u l t i p l e  plain-weave f i b e r -  
g l a s s  have conductances i n  t h e  range of 0.0012-0.003 
Btu/sq f t  hr'F f o r  t h e  boundary temperatures 70 t o  -250'F 
and thermal conductances i n  t h e  range of 0.0044-0.0082 
Btu/sq f t  hr'F f o r  t h e  boundary temperatures 300 t o  70'F. 
One sample wi th  a composite r a d i a t i o n  s h i e l d  and spacer 
and o ther  samples wi th  r a d i a t i o n  s h i e l d s  laminated t o  
Beta marquise t te  spacers  have thermal conductances i n  
the  range of 0.0024-0.0045 Btu/sq f t  hr'F f o r  t he  boundary 
temperatures 70 t o  -250'F and thermal conductances i n  t h e  
range of 0.008-0.018 Btu/sq f t  hr'F f o r  t h e  boundary 
temperatures 300 t o  70'F. 
b. Thermal Conductance a t  1.0 p s i  Compression 
Conductance a t  compressive loads of 1.0 p s i  depends 
pr imar i ly  upon t h e  type and amount of spacers  and 
t h e  boundary temperatures. Samples wi th  0.030-inch- 
t h i c k  f l e x i b l e  open-cell polyurethane foam spacers o r  
samples with a Beta marquise t te  spacer laminated t o  t h e  
r a d i a t i o n  s h i e l d  and one a d d i t i o n a l  l oose  Beta marquise t te  
spacer have conductances i n  the  range of 0.06-0.08 
Btu/sq f t  hr'F f o r  t h e  boundary temperatures 70 t o  -250'F 
and t h e  thermal  conductance i n  t h e  range of 0.16-0.21 
f o r  t h e  boundary temperatures 300 t o  70'F. 
Samples wi th  s i n g l e  loose  Beta marquise t te  spacers ,  
t h r e e  loose  p l a i n  weave f i b e r g l a s s  spacers ,  o r  s i n g l e  
Beta marquise t te  spacers  laminated t o  the  r a d i a t i o n  
s h i e l d  have conductances i n  t h e  range of 0.08-0.10 
3 
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Btu/sq f t  hr°F f o r  t h e  boundary temperatures 70 t o  
-250'F and conductances i n  t h e  range of 0.20-0.30 
Btu/sq f t  hr°F f o r  t h e  boundary temperatures 300 t o  
70'F. 
3. Thermal Micrometeoroid Garment Analysis 
The Gemini space s u i t  i n s u l a t i o n  f a b r i c a t i o n  technique, 
which c o n s i s t s  of a l t e r n a t e  r a d i a t i o n  s h i e l d s  and 
spacers  applied sepa ra t e ly ,  is a good cons t ruc t ion  
technique. However, t h e  technique of taping each 
spacer and s h i e l d  l a y e r  i n  t h e  seam allowed thermal 
s h o r t  c i r c u i t s  t o  develop when adjacent l a y e r s  adhered 
t o  each other .  
bearing and high s tress concentrations w e r e  developed 
where the  r a d i a t i o n  s h i e l d s  and spacers  were f i rmly  
s t i t c h e d  together a t  the  seams and penet ra t ions .  
The i n s u l a t i o n  l a y e r s  became load- 
The g r e a t e s t  improvement i n  i n t e g r i t y  and thermal 
performance of t h e  thermal micrometeoroid garment i s  
achieved when t h e  i n s u l a t i o n  l a y e r s  are no t  load bear- 
ing and are designed t o  hang loosely on the pressure- 
r e t a i n i n g  l a y e r s  of t h e  space s u i t .  
The r a d i a t i o n  s h i e l d s  should s top  j u s t  s h o r t  of t h e  
edge seam and the  s h i e l d  spacers  should be  anchored 
i n  t h e  edge seam by f i rm,  t i g h t  s t i t c h e s .  The 
e x t e r n a l  l a y e r s  should be c a r r i e d  around t h e  end of 
the i n s u l a t i o n  f o r  flame p ro tec t ion  i n  t h e  event of 
f i r e .  The seam s t i t c h e s  should be made wi th  double 
threads ,  one of Nomex and one of Beta f i b e r g l a s s .  
4 .  System Tests 
Space chamber tests with a f l e x i b l e  elbow calorimeter and a s e c t i o n  
of a garment incorporating t h e  materials (germanium-overcoated aluminized 
polyimide r a d i a t i o n  s h i e l d s  and Beta marquise t te  spacers) and improved 
garment f a b r i c a t i o n  techniques developed i n  t h e  program showed t h a t :  
4 
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The h e a t  flow through t h e  garment can b e  accura te ly  
determined both before  and a f t e r  wear by f l ex ing .  
measured h e a t  loss from t h e  garment during simulated 
lunar  n ight t ime conditions (space chamber walls a t  
-320'F and calorimeter temperature a t  70'F) w a s  0.54 
Btu/sq f t  h r  before  wear and 0.76 Btu/sq f t  h r  a f t e r  
10,000 cyc les  of f lexing.  The hea t  flow i n t o  t h e  
garment during simulated lunar  daytime conditions (space 
chamber walls at  250'F and calorimeter temperature a t  
70'F) w a s  1.47 Btu/sq f t  h r  before  wear and 1.92 
Btu/sq f t  h r  a f t e r  10,000 cyc les  of wear .  
The 
= The measured hea t  f l u x  per  u n i t  area i n  the garment 
s e c t i o n  before  wear w a s  23 percent higher than w a s  
p red ic ted  from conductance measurements i n  t h e  guarded 
co ld-p la te  calorimeter f o r  boundary temperatures of 
250 t o  70'F and 18 percent lower than predicted f o r  
boundary temperatures of 70 t o  -320'F. Af te r  10,000 
cyc les  of wear, t h e  measured hea t  f l u x  per  u n i t  area 
w a s  50 percent higher than w a s  p red ic ted  from conduct- 
ance measurements f o r  boundary temperatures of 250 t o  
70°F and equal t o  t h a t  p red ic ted  f o r  boundary tempera- 
t u r e s  of 70 t o  -320'F. 
The d u r a b i l i t y  of t h e  space s u i t  i n s u l a t i o n  and the  
i n t e g r i t y  of t h e  f a b r i c a t i o n  techniques w e r e  demonstrated 
f o r  t h e  thermal micrometeoroid garment s ec t ion ,  The 
g ermanium-over coat ed r a d i a t i o n  s h i e l d s  withstood t h e  
abrasion of t h e  f i b e r g l a s s  spacers. However, t h e  0.5- 
m i l  polyimide f i l m  s h i e l d  s u b s t r a t e  had some small 
cracks a f t e r  10,000 f l e x u r e s  i n  a vacuum environment 
under luna r  night t ime conditions.  
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D . RECOMMENDATIONS 
1. On t h e  b a s i s  of our i n v e s t i g a t i o n  of materials, we recommend 
t h a t  mu l t i l aye r  i n s u l a t i o n s  be used which have: 
(a)  Radiat ion s h i e l d s  of 0.5-mil polyimide f i lm 
wi th  500 t o  800 A of vapor-deyosited aluminum 
and an  overcoating of 500 A of vapor-deposited 
germanium on both s i d e s ,  o r  
0 
0 
(b) Radiat ion s h i e l d s  of 0.5-mil polyimide f i l m  wi th  
1000 A of gold appl ied  to  both s i d e s  by a l i q u i d  
b r igh t  gold process. 
0 
(c) Shield spacers  made from s i n g l e  l a y e r s  of Beta 
f i b e r g l a s s  yarn i n  an open leno-weave similar 
t o  t h e  marquise t te  materials--J. P. Stevens S t y l e  
2530 wi th  9362 f i n i s h ,  o r  
(d) Shield spacers  made from th ree  l aye r s  of 
commercial f i b e r g l a s s  yarns i n  p l a i n  weave 
( s imi l a r  t o  S ty l e  104) wi th  5-8% of non-flammable 
yarn s t a b i l i z a t i o n  (3M Pluore l )  t o  prevent unravel- 
ing. 
2. On the  b a s i s  of our conductance measurements of thermal micro- 
meteoroid garment i n s u l a t i o n s ,  w e  recommend t h a t  seven r a d i a t i o n  
s h i e l d s  and e i g h t  spacers be used i n  combinations with i n t e r n a l  
and ex te rna l  garment l a y e r s  as requi red  f o r  normal w e a r  and 
micrometeoroid p ro tec t ion .  
t i o n  s h i e l d  and t h e  inne r  and o u t e r  garment l a y e r s  t o  minimize 
contac t  conduction. 
A spacer must be  between each rad ia-  
3.  From our inves t iga t ion  of t h e  Gemini thermal micrometeoroid 
cover l a y e r ,  w e  f i n d  t h a t  the garment should be  designed and 
f a b r i c a t e d  so t h a t :  
(a) The i n s u l a t i o n  hangs loose ly  on t h e  garment. 
(b) The inne r  l aye r  of the garment i s  load-bearing. 
6 
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(c )  The spacer l a y e r s  are f i rmly  anchored i n  t h e  
s e a m s  and pene t r a t ions ,  and t h e  r a d i a t i o n  s h i e l d s  
terminate no c l o s e r  than 0.5 inch t o  seams o r  
pene t ra t ions .  
(d) Tight s t i t c h e s  are never made through t h e  rad ia-  
t i o n  s h i e l d  layers .  
4 .  From our system tests, w e  recommend t h a t  a l l  developmental 
thermal micrometeoroid garments have a s e c t i o n  t e s t e d  f o r  
f l e x u r e  endurance and h e a t  loss (or gain) i n  simulated space 
thermal environment i n  order t o  prove t h e i r  d u r a b i l i t y  and 
thermal p ro tec t ion  capab i l i t y .  
t i o n  layups should incorpora te  exac t ly  t h e  same cons t ruc t ion  
techniques as t h e  f u l l  garment. 
Such garment s e c t i o n s  and insu la-  
7 
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I1 INTRODUCTION 
A. BACKGROUND 
A s  our a s t ronau t s  ga in  more experience i n  manned space explora t ion  
and perform longer missions ou t s ide  of t h e i r  spacec ra f t ,  space s u i t s  f o r  
ex t ravehicu lar  a c t i v i t y  w i l l  assume an increas ingly  important ro l e .  A 
v i t a l  component of t h e  ex t ravehicu lar  space s u i t  is  the  thermalmicro-  
meteoroid overgarment o r  l aye r  requi red  t o  p r o t e c t  t h e  as t ronaut  from h i s  
e x t e r n a l  environment. 
p lane tary  sur faces  o r  while i n  o r b i t  ou t s ide  h i s  spacecraf t  r equ i r e s  t h a t  
he be thermally decoupled from t h e  ex te rna l  space environment. 
Thermal p ro tec t ion  of an a s t ronau t  on lunar  o r  
To achieve t h i s  t h e r m a l  p ro t ec t ion  t h e  Gemini and Apollo extra- 
vehicu lar  space s u i t s  have been designed with e x t e r n a l  thermalmicro-  
meteoroid p ro tec t ion  l aye r s  which are e i t h e r  i n t e g r a l  with the bas i c  
space s u i t  o r  are incorporated as an overgarment. 
meteoroid garment has an ou te r  p r o t e c t i v e  cover, an i n s u l a t i o n  comprised 
of a l t e r n a t e  thermal r a d i a t i o n  s h i e l d s  and spacers , an inner  p ro tec t ive  
l a y e r ,  and one o r  more add i t iona l  micrometeoroid bu f fe r  l a y e r s .  Each 
component of t h i s  garment has  mul t ip l e  func t ions :  t h e  mul t i l aye r s  of 
t h e  i n s u l a t i o n  con t r ibu te  t o  t h e  garment's e f f ec t iveness  as a micrometeor- 
o i d  s h i e l d ,  and t h e  s o l a r  absorptance and r a d i a t i v e  emittance of t h e  
outer  su r f ace  enhance t h e  garment's thermal p ro tec t ion  capacity.  The 
p rope r t i e s  of t h e  thermal micrometeoroid garment a l s o  a f f e c t  t h e  a s t ronau t ' s  
mission. The i n s u l a t i o n  should provide s u f f i c i e n t  thermal p ro tec t ion  so 
t h a t  t he  po r t ab le  l i f e  support system is not  taxed and t h e  t o t a l  garment 
should be s u f f i c i e n t l y  compact so t h e  a s t ronau t ' s  mobi l i ty  is  no t  impaired. 
The thermal micro- 
Mul t i layer  i n s u l a t i o n  is  necessary f o r  thermally i s o l a t i n g  an 
a s t ronau t  from h i s  e x t e r n a l  environment. 
maximum permiss ib le  hea t  loss from a space s u i t  should not exceed 10 Btu/ 
s q  f t  h r .  
space s u i t  conductance of 0.03 Btu/sq f t  hr°F. 
evacuated by exposure t o  t h e  space environment is the  only type which can 
Roth") estimates t h a t  t he  
On t h e  lunar  sur face  a t  n igh t ,  t h i s  corresponds t o  a m a x i m u m  
Mul t i layer  i n s u l a t i o n  
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provide t h i s  low conductance i n  l igh tweight  t h i n  cons t ruc t ion .  
i n su la t ions  l i k e  evacuated f i b e r s  o r  powders can achieve t h i s  low con- 
ductance; however, they r e q u i r e  up t o  10 times more i n s u l a t i o n  th ickness  
f o r  t h e  same thermal p ro tec t ion  as mul t i layer  i n s u l a t i o n .  
Other 
Mul t i layer  i n s u l a t i o n s  cons is t  of l a y e r s  of a l t e r n a t e  heat- 
r e f l e c t i n g  r a d i a t i o n  s h i e l d s  separa ted  by low-conductivity spacers.  
Each l aye r  contains a t h i n ,  low-emittance r a d i a t i o n  s h i e l d  t h a t  permits 
t h e  l a y e r  t o  r e f l e c t  a l a r g e  percentage of t h e  r a d i a t i o n  i t  rece ives  
from a warmer surface.  The r a d i a t i o n  s h i e l d s  are separa ted  from each 
o the r  by spacers t o  reduce the  hea t  t r ans fe r r ed  from s h i e l d  t o  s h i e l d  
by contac t  conduction. The space between t h e  s h i e l d s  i s  evacuated t o  
less than t o r r  t o  decrease gas conductance. 
I n  space garments, exposure t o  t h e  vacuum of space e f f e c t i v e l y  
reduces t h e  gas conduction t o  a neg l ig ib l e  va lue  i n  a matter of a few 
seconds. The primary i n s u l a t i o n  requirement f o r  r a d i a t i o n  s h i e l d s  is 
t h a t  both sur faces  have a low hemispherical t o t a l  emittance. 
aluminum are t y p i c a l  low-emittance materials t h a t  can be  used e i t h e r  as 
coatings on t h i n  polymeric s h e e t s  o r  as t h i n  f o i l s .  Aluminum f o i l s  and 
vapor-deposited aluminum on p l a s t i c  f i lms are most f r equen t ly  se l ec t ed  f o r  
r a d i a t i o n  s h i e l d s .  
Gold and 
Spacers are required t o  sepa ra t e  the  r a d i a t i o n  s h i e l d s  and t o  minimize 
s o l i d  conduction between ad jacent  r a d i a t i o n  s h i e l d s ,  p a r t i c u l a r l y  when 
compressive loads are applied. A f ibrous  m a t  arranged with t h e  f i b e r s  
i n  a random a r ray  is  an e f f e c t i v e  mul t ip le - res i s tance  spacer. Netting 
has  crossover p o i n t s  (knots) which are e f f e c t i v e  point-contact spacers  
between r a d i a t i o n  sh ie lds .  
B. BASELINE INSULATION FOR THE STUDY 
The b a s e l i n e  i n s u l a t i o n  used i n  t h e  Gemini-type thermal micro- 
meteoroid garments w a s  made from a l t e r n a t e  r a d i a t i o n  s h i e l d s  of 0.25-mil 
t h i c k  po lyes t e r  f i l m  (DuPont Mylar) aluminized on one s i d e  with approxi- 
mately 300 A of vapor-deposited aluminum (NRC-2, Nat ional  Research Corp.) 
and spacers of non-woven Dacron b a t t  (15 grams/sq yd 2 2 grams/sq yd 
0 
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Nat iona l  Research Corp.) . 
garment (including i n s u l a t i o n ,  i nne r  and ou te r  p r o t e c t i v e  l a y e r s ,  and 
t h e  micrometeoroid p ro tec t ion  l aye r s )  w a s  0.004 Btu/sq f t  hr'F f o r  a 
sample thickness 0.25 inch and temperature boundary conditions of 76 t o  
-310'F. 
thickness of 0.22 inch and temperature boundary conditions of 301 t o  
70'F. 
The minimum thermal conductance(2) of t h e  
The minimum conductance w a s  0.018 Btu/sq f t  hr'F f o r  a sample 
A l l  components of t h e  garment, including t h e  i n s u l a t i o n ,  are flamm- 
a b l e  i n  16.5-psia oxygen. It appears t h a t  t h e  garment w a s  assembled i n  
such a way t h a t  t h e  i n s u l a t i o n  l a y e r s  became load bearing during normal 
usage and caused t h e  i n s u l a t i o n  l a y e r s  t o  r i p  along some of the  seams. 
I n  a l l  seams and pene t r a t ions ,  t h e  r a d i a t i o n  s h i e l d s  and spacers were 
f i rmly  anchored by t h e  seam s t i t c h e s ,  thereby allowing high conductance 
i n  these  areas. The low-emittance su r face  on t h e  r a d i a t i o n  s h i e l d s  
appeared t o  be abraded during normal a s t ronau t  a c t i v i t y .  
C. APPROACH 
The program w a s  divided i n t o  f i v e  major phases: 
development, (2) eva lua t ion  of r a d i a t i o n  s h i e l d  and spacer combinations, 
(3)  thermal micrometeoroid garment a n a l y s i s ,  ( 4 )  system test i n  simulated 
lunar  environment , and (5) prepara t ion  of preliminary s p e c i f i c a t i o n s  f o r  
thermal i n s u l a t i o n  and garment f ab r i ca t ion .  
(1) materials 
I n  t h e  materials development phase of t h e  program, w e  discussed 
the i d e n t i f i c a t i o n ,  screening , and experimental eva lua t ion  of components 
which might be  used i n  i n s u l a t i o n s  f o r  ex t ravehicu lar  space garments. 
The procedure w a s  t o  f i r s t  l ist a l l  candidate i n s u l a t i o n  materials which 
might poss ib ly  be used f o r  both r a d i a t i o n  s h i e l d s  and spacers.  
l i t t l e  cons idera t ion  w a s  given t o  whether t he  materials were t echn ica l ly  
f e a s i b l e ,  a v a i l a b l e ,  o r  p r a c t i c a l  i n  terms of f a b r i c a t i o n  o r  cost .  The 
materials were then screened, i n  accordance with cri teria set f o r t h  i n  
t h e  con t r ac t ,  and ranked. W e  then s e l e c t e d  f o r  f u r t h e r  labora tory  sval- 
ua t ion  those materials which we bel ieved t o  have a b e t t e r  chance of im- 
proving a s t ronau t  space s u i t  i n su la t ions .  
flammability i n  100% oxygen, abrasion r e s i s t a n c e  f o r  r a d i a t i o n  s h i e l d s ,  
I n i t i a l l y ,  
These eva lua t ions  included 
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t o t a l  hemispherical emittance f o r  r a d i a t i o n  s h i e l d  su r faces ,  t e n s i l e  
s t r e n g t h ,  tear s t r e n g t h ,  f o l d  endurance, and s t a b i l i t y  i n  vacuum. 
A cons idera t ion  which en tered  our material development and f abr ica-  
t i o n  study w a s  t h a t ,  i n  many ins t ances ,  we  could i d e n t i f y  materials which 
might be non-flammable o r  abrasion r e s i s t a n t .  Some of these materials 
w e  eliminated because they were not r e a d i l y  a v a i l a b l e  o r  w e r e  too expensive 
t o  be included i n  t h i s  program. 
materials of t h e  same b a s i c  i n s u l a t i o n  p rope r t i e s  so t h a t  w e  might eval- 
u a t e  t h e  f e a s i b i l i t y  of t h e  b a s i c  material as i n s u l a t i o n  components. 
For them w e  s u b s t i t u t e d  l e s s -des i r ab le  
I n  t h e  eva lua t ion  of r a d i a t i o n  s h i e l d  and spacer combinations, w e  
measured t h e  b a s i c  thermal conductance of both ADL-developed and NASA-MSC- 
supplied samples of space s u i t  i n s u l a t i o n  layups. Conductance w a s  
measured under compressive loads i n  the range from "no load" t o  15 p s i ,  
i n  t h e  temperature ranges from 70 t o  -250' and from 300 t o  70'F, and a t  
a vacuum of 10 t o r r .  -5 
Four combinations of ADL-developed i n s u l a t i o n s  w e r e  subjected to  
non-destructive simulated wear tests p r i o r  t o  being t e s t e d  f o r  thermal 
conductance. On t h e  b a s i s  of t h e  i n i t i a l  thermal conductance tests, w e  
chose t h e  two most d e s i r a b l e  material combinations f o r  f u r t h e r  t e s t i n g  
i n  t h e  unworn condition. We a l s o  measured t h e  thermal conductance of an 
i n s u l a t i o n  s i m i l a r  to  t h e  layup used i n  t h e  Gemini space s u i t s  and two 
a d d i t i o n a l  samples: one, a laminate; t h e  o t h e r ,  a composite s h i e l d  and 
spacer layup. 
of t h e  program, NASA-MSC provided e i g h t  supplemental samples t h a t  were 
t e s t e d  f o r  thermal conductance. 
I n  add i t ion  t o  these  n i n e  samples t e s t e d  under our po r t ion  
I n  t h e  ana lys i s  of thermal micrometeoroid garments, w e  learned from 
discuss ions  with personnel from NASA-MSC of t h e  f a i l u r e s  which had 
occurred i n  space s u i t  i n s u l a t i o n  layups. 
t hese  f a i l u r e s  were s tud ied  t o  determine t h e i r  causes. 
Gemini-type of overgarment w a s  dismembered t o  determine cons t ruc t ion  and 
seaming techniques. Additional f a i l u r e s  repor ted  t o  us verba l ly  by 
NASA-MSC involved t h e  degradation of vapor-deposited sur faces  under 
simulated wear conditions.  The cons t ruc t ion  d e t a i l s  i n  Gemini-type space 
Pos t - f l igh t  photographs of 
An experimental 
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s u i t  i n s u l a t i o n s  were analyzed and assembly techniques were recommended 
f o r  space garments which r e f l e c t  t h e  techniques used i n  cryogenic mul t i -  
l aye r  i n s u l a t i o n  systems. 
techniques f o r  space s u i t s  w e r e  recommended. 
Both p re fe r r ed  and a l t e r n a t i v e  assembly 
I n  t h e  system test, measurements w e r e  made of h e a t  flow i n  a test 
s e c t i o n  of an  experimental thermal micrometeoroid garment which incorpor- 
ates t h e  i n s u l a t i o n  and f a b r i c a t i o n  techniques developed during t h i s  
program. 
guarded ca lor imeter  which is  in t eg ra t ed  i n t o  t h e  pressur ized  elbow 
s e c t i o n  from an a s t ronau t ' s  space s u i t .  
calorimeter is t h a t  i t  can opera te  i n  a laboratory-sized space-simulation 
chamber. H e a t  flow i n t o  t h e  thermal micrometeoroid garment can be 
measured f o r  simulated lunar  daytime conditions and h e a t  f l u x  ou t  of 
t he  garment can be measured f o r  simulated nighttime condi t ions .  
add i t ion ,  t h e  garment s ec t ion  can be subjec ted  t o  c y c l i c a l  f l e x i n g  dur- 
ing simulated lunar nighttime conditions t o  simulate t h e  a c t u a l  wear 
encountered during normal space s u i t  operation. 
Heat flow through the  garment s e c t i o n  w a s  measured wi th  a 
A unique f e a t u r e  of t h i s  elbow 
I n  
A s  a r e s u l t  of t h i s  program, w e  e s t ab l i shed  prel iminary specif ica- 
t i o n s  f o r  thermal i n s u l a t i o n  and garment f ab r i ca t ion .  The s p e c i f i c a t i o n s  
are v a l i d  only f o r  l abora to ry  inves t iga t ion ;  they are no t  space-qualif i e d  
and t h e  space c a p a b i l i t y  of t h e  i n s u l a t i o n s  and garment f a b r i c a t i o n  have 
n o t  been demonstrated. 
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111. MATERIALS DEVELOPMENT 
The i n s u l a t i o n  materials i n  Gemini-type space s u i t s  have a low 
p r o b a b i l i t y  of su rv iva l  both i n  i n s u l a t i n g  a b i l i t y  and i n  phys ica l  
i n t e g r i t y  under t h e  repeated usage requi red  i n  long-duration space 
explora t ion  missions. 
improved i n s u l a t i o n  r a d i a t i o n  s h i e l d s  and spacers .  
were surveyed under t h i s  program and those which were i d e n t i f i e d  as 
having a good chance of improving astronauts '  space s u i t  i n s u l a t i o n s  were 
procured and t e s t e d  f o r  flammabili ty,  phys ica l  p rope r t i e s ,  abrasion 
r e s i s t a n c e ,  and su r face  emittance. 
An important p a r t  of t h i s  program w a s  t o  develop 
Candidate materials 
Eighty materials and six low-emittance coatings and overcoatings 
were considered f o r  r a d i a t i o n  sh ie lds .  Two s u b s t r a t e  and coating combin- 
a t i o n s  showed marked improvement over Gemini-type r a d i a t i o n  s h i e l d s :  
one w a s  polyimide f i l m  wi th  500 A vapor-deposited aluminum and 500 A 
vapor-deposited germanium overcoating on both su r faces ,  and t h e  o the r  
w a s  polyimide f i l m  wi th  1,000 A gold applied by a l i q u i d  b r i g h t  gold 
process.  Sixteen materials were considered f o r  spacers. Two types of 
f i b e r g l a s s  spacers proved successfu l :  one w a s  a Beta marquiset te  and 
the o ther  w a s  t h ree  l a y e r s  of l ightweight p l a i n  weave f ab r i c .  An open- 
ce l l  polyurethane foam, although flammable i n  100% oxygen, w a s  considered 
f o r  app l i ca t ions  where extreme c m p r e s s i v e  loads are an t i c ipa t ed .  
0 0 
0 
A. CANDIDATE RADIATION SHIELDS AND SPACERS 
1. I d e n t i f i c a t i o n  of Materials 
a. Radiation Shield Subs t ra tes  
The candidate s u b s t r a t e  materials f o r  r a d i a t i o n  s h i e l d s  are l i s t e d  
i n  Table 1. The polymers are l i s t e d  as: 
f i lms ,  i n  bulk ,  and under development. Their flammability i n  a i r  is  
compared t o  polyes te r .  
composite r a d i a t i o n  s h i e l d s  and spacers are included. 
commercially a v a i l a b l e  as 
I n  add i t ion ,  metal f o i l  r a d i a t i o n  s h i e l d s  and 
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TABLE 1. RADIATION SHIELD MATERIALS 
A. POLYMERS 
1. Commercially Avai lable  as Films 
L e s s  Flammable Than Polyes te r  i n  Air ( these  materials warrant 
f u r t h e r  s tudy)  
Polyimide (Kapton) 
Poly te t r a f  l uo  roe t hy l ene  (TFE) 
Polychlorotrifluoroethylene (CTFE) 
Fluorinated ethylene propylene (FEP) 
Flammability S imi la r  t o  That of Polyes te r  i n  Air 
Polycarbonate 
Vinylidene f luo r ide  (Kynar) 
Rub be r hydro ch l  o ri  de 
Vinylidene chlor ide 
More Flammable Than Polyester  Film i n  Air 
Polyvinyl f luo r ide  (Tedlar) 
Polypropylene 
Linear co-polyester 
Ethyl ce l lu lose  
Cellulose propionate 
Polyamide (Nylon) 
Poly m e t  hy l m e  t h acry l a  t e 
Po l y e  thy lene  
Ionomer 
Viny l n i  t r i  l e  rubber 
Expanded polystyrene foam 
Poly viny 1 a1 coho 1 
Po l y  urany l c h  1 o r i  de 
Viny l c h l o r i  de acetate co-po lymers 
Regenerated ce l lu lose  
Cel lulose acetate 
Cel lulose triacetate 
Cel lulose acetate butyra te  
Polyurethane 
2 Commercially Available i n  Bulk 
Flammability Similar  t o  Polyes te r  i n  Air  
Polyphenylene oxide (PPO) 
Po l y  s u l  f one 
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- TABLE 1 (cont'd) 
Commercially Available i n  Bulk (Cont 'd) 
More Flammable Than Polyester  i n  Air 
Po l y  a l l  ome rs 
Acrylics 
Acry lon i t r i l e  butadiene s tyrene  
S t y rene a c ry 1 oni  t r i le  
Phenoxy 
Po ly-p- xy l y  ene (P ary lene)  
Acetals 
3.  Materials Under Development 
Possibly Less Flammable Than Polyes te r  ( these materials warrant 
f u r t h e r  study) 
Polyper f luoro t r iaz ine  
Carboxynitroso rubber 
Po lyc  a rb  oranes i loxane 
S i l i cone  phthalocyanin der iva t ives  
Polybenzothiazole 
M e t  a1 po lyphosphinates 
P heny 1 s i Is es q uio xane po l y  m e  r 
Triazine polymer 
Pyrolyzed po lyac ry lon i t r i l e  
Chlorinated polye the r  (Pent on) 
Fluorinated polyurethane 
Flammability S imi la r  t o  Polyester  
Po lyamide-imide 
Polybenzimidazole 
Po lyimi dazopyrro lone 
Po lyhy d raz i  de 
Po l y  amib ines  
Poly s u l  f any 1 d i  benzami de 
Poly t e  t reph t h a l  amides 
Po lyoxadi zole  
Poly t r i a z o l e  
Po lybenzoxazole 
Po lyquinoxaline 
S i l icone  metall ic polymers 
More Flammable Than Polyes te r  
Poly th i azo le  
Po lypheny lene  s u l f i d e  
M e t  hy 1s ili cone rubber 
Polypyrazole 
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TABLE 1 (cont 'd) 
Polymers Under Development (cont ' d) 
More Flammable Than Polyes te r  (cont 'd)  
Polyes ter imide 








Polyvinylisocyanate ladder  polymer 
PNP polymers 
Possibly L e s s  Flammable Than Polyes te r  But Hydrolyt ical ly  Unstable 
Polyp hosphonami de 
Diazadiphosphetidine 




Aluminum - bes t  ava i l ab le  
S i l v e r  - lowest emittance,  ox id izes  e a s i l y  
Copper - low emit tance,  oxidizes  rap id ly  
Gold - low emittance,  very expensive 
COMPO SITES 
In t eg ra t ed  spacer  and r a d i a t i o n  s h i e l d  - good load-bearing i n s u l a t i o n  
Spacers a t tached  t o  r ad ia t ion  s h i e l d  - easy f a b r i c a t i o n  
M e t a l  f o i l s  laminated on f l e x i b l e  s u b s t r a t e  - low flammability i n  
Heavy depos i t ion  of m e t a l  on t h i n  polymeric f i l m  s u b s t r a t e  - low 
and easy f ab r i ca t ion  
O X Y  gen 
flammabili ty i n  oxygen 
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b. Low-Emittance Surfaces and Overcoatings 
Tota l  hemispherical emittance ( a t  room temperature) of less than 
0.05 f o r  both su r faces  of r a d i a t i o n  s h i e l d s  is necessary i n  space s u i t  
i n s u l a t i o n s  t o  minimize t h e  h e a t  t r a n s f e r  through t h e  a s t ronau t ' s  gar- 
ment. I n  add i t ion ,  t h e  low-emittance sur faces  should not degrade during 
t h e  normal l i f e  of t h e  space s u i t .  
which might be applied t o  r a d i a t i o n  s h i e l d  s u b s t r a t e s ,  t he  techniques 
by which t h e  coa t ings  may be appl ied  t o  t h e  s u b s t r a t e ,  and overcoating 
materials and techniques f o r  p ro tec t ing  t h e  coatings.  A good overcoat- 
ing material should not degrade t h e  emittance c h a r a c t e r i s t i c s  of t h e  
r a d i a t i o n  sh ie ld .  Since emittance a t  room temperature i s  dominated by 
r a d i a t i o n  i n  t h e  5 t o  45 micron waveband, overcoating materials should 
e x h i b i t  good r a d i a t i o n  transmission i n  t h i s  waveband. 
Table 2 i d e n t i f i e s  candidate coatings 
c. Spacers 
Radiat ion s h i e l d  spacers s epa ra t e  ad jacent  l a y e r s  of mul t i l aye r  
i n s u l a t i o n  r a d i a t i o n  sh ie lds  without t ransmi t t ing  s i g n i f i c a n t  amounts of 
thermal energy from one l a y e r  t o  t h e  next. 
thermal contact r e s i s t a n c e ,  be of low conduct iv i ty ,  be capable of carry- 
ing compressive loads without  t ransmi t t ing  h e a t ,  be durable,  be compatible 
with t h e  r a d i a t i o n  s h i e l d ,  and be easy t o  f a b r i c a t e .  For a space s u i t  
i n s u l a t i o n  app l i ca t ion ,  spacer materials should a l s o  be  non-f lammable 
i n  100% oxygen. 
They should provide h igh  
Table 3 lists spacer materials which have been used success fu l ly  
f o r  high-temperature thermal p ro tec t ion  systems and f o r  pro tec t ing  re- 
en t ry  veh ic l e s .  Except f o r  p l a s t i c s ,  t h e  materials are believed t o  be 
non-flammable i n  100% oxygen a t  16.5-psia. 
f ab r i ca t ed  form of t h e  material as i t  might be  used as a spacer has been 
ind ica ted .  However, some of t h e  materials shown i n  Table 3 have no t  
been f ab r i ca t ed  i n  forms which can be  used success fu l ly  i n  space s u i t  
i n s u l a t i o n s .  
Wherever pbss ib le ,  t h e  
2. I n i t i a l  Screening of Materials 
Many of t h e  candidate materials summarized i n  Tables 2 and 3 had t o  
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TABLE 2. LOW-EMITTANCE COATINGS AND OVERCOATINGS 
Mat e r ia l  Coatinp Technique 
Low-Emittance Coatings 
Aluminum Vapor deposi t ion 
Gold 
S i l v e r  
Copper 
Vapor deposit ion 
o r  
Liqui d-b r i  ght-gold process 
Vapor deposit ion o r  
l i q  u i  d-s i l v e r  process 
Vapor deposit ion 
P ro tec t ive  Overcoat ings  
Aluminum Oxide Annodization 
Germanium Vapor deposit ion 
S i l i c o n  Vapor deposit ion 
Monoxide 
Remarks 
Low e m i t  tance , 
commercially ava i l ab le ,  
dur ab le  
Emittance lower than 
aluminum, commercially 
ava i l ab le ,  no t  durable 
Commercially ava i l ab le ,  
very durable 
Emittance lower than 
gold, t a rn i shes  e a s i l y  
Emittance lower than 
gold, tarnishes  e a s i l y  
Good i n f r a r e d  t rans-  
mission, commercial 
process 
Good i n f r a r e d  t rans-  
m i s s  i on  
Arthur D Little, In 
TABLE 3- SPACER MATERIALS 
Fiberglass and s i l i c a  - 
f a b r i c s  
nonwoven b a t  ts 
Glass and s i l i ca  hollow and s o l i d  
spheres 
Boron n i t r i d e  - f e l t s  and f ab r i c s  
Boron f i b e r s  
Chromium f i b e r s  
Alumina f i b e r s  (sapphire whiskers) 
Zirconia f i b e r s  
S i l i c o n  carbide f i b e r s  
Ceramic f l akes  
Mica shee t s  ( synthe t ic )  
Glass and s i l i ca  - foams 
P l a s t i c  - 
foams 
hollow o r  s o l i d  spheres 
Remarks 
Good candidates - abrasive 
t o  r a d i a t i o n  s h i e l d s  
Good candidates 
Non-abrasive 
Highly abrasive t o  r ad ia t ion  
s h i e l d s  
I n f l e x i b l e  
Flammable i n  oxygen 
19 
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be eliminated i n  t h e  i n i t i a l  screening process as being unsu i t ab le  f o r  
app l i ca t ion  t o  space s u i t  i n su la t ion .  S l i g h t l y  d i f f e r e n t  criteria were 
used f o r  t h e  r a d i a t i o n  s h i e l d s  and f o r  the spacers.  
a. Radiation Shie lds  
The cri teria which were used f o r  screening candidate r a d i a t i o n  
s h i e l d s  and coatings inc lude  ( i n  order of importance) flammability i n  
oxygen, u s e f u l  temperature range, degradation temperature, f l e x i b i l i t y ,  
dens i ty ,  adhesion of low-emittance coa t ings ,  emittance of coa t ings ,  
dimensional s t a b i l i t y ,  tear s t r e n g t h ,  t e n s i l e  s t r e n g t h ,  weight, availa- 
b i l i t y ,  f a b r i c a b i l i t y ,  and cost .  Our i n i t i a l  screening of r a d i a t i o n  
s h i e l d s  according t o  t h e s e  criteria is summarized i n  Table 4. 
A l l  of t h e  materials considered w e r e  flammable i n  oxygen. The metal 
f o i l s  were undes i rab le  because they were not  f l e x i b l e  enough, p a r t i c u l a r l y  
i f  used i n  mul t ip l e  l aye r s .  
Neglecting flammability , t h e  most promising r a d i a t i o n  s h i e l d s  were 
t h i n  polymeric fi lms wi th  low-emittance coa t ings  and composite r a d i a t i o n  
s h i e l d s  with the  spacers a t tached  t o  t h e  polymeric f i lm sh ie lds .  The 
problem w a s  then reduced t o  determining which t h i n  polymeric s h i e l d s  
might be  least flammable i n  oxygen. 
materials was compared t o  t h e  flammability i n  a i r  of po lyes t e r ,  s ince  
t h e  base l ine  i n s u l a t i o n  uses polyes te r  r a d i a t i o n  sh ie lds .  Four of t h e  
f i l m  materials seemed t o  be less flammable than polyes te r  i n  a i r ,  thus 
warranting f u r t h e r  study. 
bu lk  form, but  which, t o  our knowledge, have not  been f ab r i ca t ed  as f i l m s ,  
we found none b e t t e r  than polyes te r .  
ment, t e n  seem t o  be less flammable than po lyes t e r ,  thus warranting f u r t h e r  
study. 
po lyes t e r  were hydro ly t i ca l ly  uns tab le .  
The flammability of polymeric. 
Among t h e  materials commercially a v a i l a b l e  i n  
Among the  polymers under develop- 
Several  o the r  materials i d e n t i f i e d  as being less flammable than 
b. Spacer Materials 
The cr i ter ia  Which were used i n  the  screening of candidate r a d i a t i o n  
spacer materials included ( i n  .order  of importance) flammability in  oxygen, 
u s e f u l  temperature range, degradat ion temperature, f l e x i b i l i t y  , dens i ty ,  
20 
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cont r ibu t ion  t o  hea t  t r a n s f e r ,  dimensional s t a b i l i t y ,  tear s t r eng th ,  
t e n s i l e  s t rength ,  weight of t h e  layup, a v a i l a b i l i t y ,  f a b r i c a b i l i t y  , and 
cost .  Our in i t i a l  screening of spacer  materials is summarized i n  Table 
5. Of t h e  o r i g i n a l  candidate  materials, only f i b e r g l a s s  and s i l i ca  
f a b r i c s  and non-woven m a t s  warranted f u r t h e r  study. 
B. MATERIALS DEVELOPMENT AND OPTIMIZATION 
The emphasis i n  the  development and opt imizat ion phase of t h e  pro- 
gram w a s  on t h e  modif icat ion o r  adaptat ion of ava i l ab le  materials, wher- 
ever poss ib l e ,  t o  t h e  space s u i t  t o  improve i t s  insu la t ion ,  wear, 
f a b r i c a b i l i t y  . 
flammable materials f o r  t h e  c r e w  areas i n  t h e  Apollo lunar  command modules; 
some of t h e s e  materials were used i n  t h e  la te  phases of t h i s  program.) 
During t h e  e a r l y  phases of our program, w e  o f t e n  s u b s t i t u t e d  a less 
d e s i r a b l e  (usua l ly  more f l a m a b l e )  b u t  a v a i l a b l e  material i n  o rde r  t o  
determine i f  t h e  i n s u l a t i o n  layup could be improved. I f  such a material 
were demonstrated t o  produce an improvement, then  a less flammable 
s u b s t i t u t e  material of t h e  same type could be developed. 
(NASA-MSC had several concurrent programs t o  develop non- 
1. Sources of Materials 
We prepared labora tory  samples (up t o  three-inch diameter) of 
aluminum and gold su r faces ,  and overcoatings of germanium and s i l i c o n  
monoxide by vapor-deposition on polyimide fi lm. Samples of aluminum 
oxide overcoating on vapor-deposited aluminum were prepared by an anodiz- 
ing process .  
inch  diameter) were a l s o  prepared by vapor-depositing both s i d e s  wi th  
aluminum and germanium overcoat ings.  A p i l o t  production quant i ty  of 
germanium-overcoated aluminized half-mil  polyimide film w a s  obtained 
from National  Meta l l iz ing  Divis ion of Standard Packaging, Cranberry, 
New Jersey.  Half-mil and one-mil  polyimide f i l m s  wi th  gold  coa t ings  
appl ied by t h e  l i q u i d  b r igh t  gold process  w e r e  prepared by AGC Corporation 
of Meriden, Connecticut. 
Larger labora tory  samples of r a d i a t i o n  s h i e l d s  (up t o  13- 
Fiberg lass  f a b r i c s  s u i t a b l e  f o r  spacers  w e r e  obtained from J. P. 
Stevens and Company and Ness, Goldsmith and Company, a d i v i s i o n  of 
22 









































% J u  
%J 





















Arthur D Little, 1% 
Burlington I n d u s t r i e s ,  both of New York. 
manufacturer who had made o r  could make a f i b e r g l a s s  b r i d a l  v e i l  ( t u l l e )  
as a replacement f o r  t h e  s i l k  b r i d a l  vei l  which is used successfu l ly  as 
spacers  i n  cryogenic in su la t ions .  
We were unable t o  f i n d  a 
Thin samples (0.030 inch) of open-cell, f l e x i b l e  polyurethane foam 
w e r e  obtained from t h e  Sco t t  Paper  Company, Chester,  Pennsylvania. W e  
attempted t o  prepare extremely t h i n  samples of t h i s  foam (approximately 
0.005 inch) by f i r s t  impregnating a l a r g e  block of foam with f ine-  
c r y s t a l l i n e  wax, and then skiving t h i n  shee t s  from it. The r e s u l t s  were 
not  s a t i s f a c t o r y ,  p r imar i ly  because t h e  wax-impregnated foam d i d  not  
s k i v e  uniformly, b u t  deformed ahead of t h e  skiving kn i f e  t o  produce a 
non-unif orm th ickness .  
2. 
Information w a s  not ava i l ab le  on t h e  flammability of many of t he  
Experimental Evaluation of Shie lds  and Spacers 
candidate materials i n  oxygen o r  t h e i r  abrasion r e s i s t a n c e ,  su r f ace  
emittance , and mechanical p rope r t i e s ,  
e i t h e r  by t e s t i n g  i n  our labora tory  o r  by t e s t i n g  i n  the NASA-MSC labora- 
t o r y  (flammability i n  oxygen). A t  t h e  same time, w e  a l s o  developed and 
t e s t e d  some new materials, p a r t i c u l a r l y  low-emittance coatings and pro- 
tective overcoatings f o r  t h i n  polymeric fi lms. The n e t  r e s u l t s  of t hese  
developments and eva lua t ions  w e r e :  (1) two super ior  r a d i a t i o n  shields-- 
both half-mil  polyimide f i lm;  one with vapor-deposited aluminum and an 
abras ion- res i s tan t  germanium overcoating; the o t h e r  with a gold su r face  
appl ied  by a commercial l i q u i d  b r i g h t  gold process,  and (2) two r ad ia t ion  
s h i e l d  spacers  non-f lammable i n  oxygen--one , a Beta marquise t te  f i b e r -  
g l a s s ;  t h e  o ther  ¶ a plain-weave sheer f i b e r g l a s s  scrim. 
Theref o re ,  w e  obtained such da ta  
a. Flammability i n  Oxygen 
A l l  candidate r a d i a t i o n  s h i e l d  materials w e r e  submitted t o  NASA-MSC 
f o r  flammability eva lua t ion  in  100% oxygen. I n  many ins t ances ,  these  
materials , p a r t i c u l a r l y  t h e  b a s i c  r a w  materials s t i l l  under development , 
were no t  i n  a form which might b e  used i n  a space s u i t  i n su la t ion .  
The r e s u l t s  of t hese  flammability tests a t  NASA-MSC are summarized 
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i n  Table  6. Of t h e  materials t e s t e d ,  two development materials appeared 
t o  be  less flammable i n  oxygen than polyimide fi lm: 
(Sample NQS. 9-ll--Air Force Materials Laboratory , Wright-Patterson A i r  
Force Base), p a r t i c u l a r l y  when cured f o r  long per iods a t  500OF; and a 
polycarboranesiloxane (Sample No. 1 3 - - D e x s i l  from Olin Chemicals). Both 
of t hese  warrant f u r t h e r  s tudy and development as poss ib l e  non-flammable 
materials f o r  space appl ica t ions  and p a r t i c u l a r l y  as r ad ia t ion  s h i e l d s  i n  
space s u i t  insu la t ions .  
polyperf luorotr iazine* 
The f i b e r g l a s s  materials considered f o r  r ad ia t ion  sh ie ld  spacers  
were t e s t ed  by NASA-MSC under o ther  programs and found t o  be non-flammable 
i n  16.5-psia oxygen. 
t e s t ed  by NASA-MSC (NASA S t y l e  4697) w e r e  t e s t ed .  
test of one p a r t i c u l a r  sample (S ty l e  104) which had been s t a b i l i z e d  with 
a f l u o r e l  compound i n d i c a t e  t h a t  t h e  s t a b i l i z a t i o n  is self-ext inguishing 
when bottom-ignited i n  16.5-psia oxygen. 
Several modif icat ions of t h e  b a s i c  spacer material 
The r e s u l t s  of  the  
One of t h e  prime candidate materials f o r  inc lus ion  i n  the  space s u i t  
i n s u l a t i o n  s tudy was  0.5-mil double-aluminized polyimide (Sample No. 22, 
Table 6) overcoated with approximately 500 A of vapor-deposited germanium. 
Unfortunately , t h i s  material w a s  found t o  b e  highly flammable i n  16.5-psia 
oxygen. 
ava i l ab le  (polyper f luoro t r iaz ine  and polycarboranesiloxane) , t he  b e s t  
ava i l ab le  material from a flammabili ty poin t  of view is  polyimide (Kapton) , 
pr inc ipa l ly  on the  bas i s  t h a t  i t  is less f l a m a b l e  than polyes te r  (Mylar) 
i n  air. 
0 
U n t i l  some of t h e  more promising polymeric materials become 
b. Abrasion T e s t  f o r  Radiation Shie lds  
Space s u i t  i n su la t ions  are subjected t o  combined abrasion and f lex-  
ing during normal use. 
and overcoat ings,  w e  screened them i n i t i a l l y  on t h e  b a s i s  of t h e i r  
r e s i s t a n c e  t o  abrasion. 
During t h e  evaluat ion of low-emittance s h i e l d s  
Later i n  the  program, samples w e r e  subjected t o  
* 
The samples were s m a l l  and a non-standard flammabili ty test was  used. 
25 
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a simulated w e a r  tes t  which combined both f l e x u r e  and abrasion. 
The i n i t i a l  i n v e s t i g a t i o n  involved determining a standard aga ins t  
which t o  abrade t h e  r a d i a t i o n  sh ie ld .  
Kapton w e r e  rubbed aga ins t  va r ious  spacer materials and conf igura t ions  
under a constant 0.5-pound load f o r  1,000 cycles ,  then examined v i s u a l l y  
and microscopically.  Of t h e  spacer materials t e s t e d ,  t he  loose-weave 
Beta marquise t te  f i b e r g l a s s  spacers  (Stevens S t y l e  2530) w e r e  by f a r  t h e  
most abrasive.  
on t h e  r a d i a t i o n  s h i e l d s  when they were abraded by t h i s  spacer. The 
Samples of double-aluminized 
Deep jagged "windows" appeared i n  the  aluminum coatings 
windows" were caused by the extremely abras ive  p a r t i c l e s  of g l a s s  which 11 
r e s u l t  from t h e  breakdown of t h e  g l a s s  yarns i n  t h e  material. These 
g l a s s  p a r t i c l e s  appeared t o  extrude from t h e  yarns by t h e  abrading motion 
and r e a d i l y  c u t  through t h e  aluminum film. 
Other spacer materials considered f o r  standards f o r  abrasion were 
( i n  order of abrasiveness) t i g h t  weave Beta c l o t h  (Stevens S t y l e  15035), 
s i l k  b r i d a l  vei l ,  Nomex c l o t h  (3 ounce), nonwoven Dacron b a t t ,  and boron 
n i t r i d e  nonwoven f e l t .  
when compared with t h e  loose-weave Beta marquise t te  f ibe rg la s s .  Because 
t h e  loose-weave Beta marquise t te  w a s  t h e  most abras ive  of t h e  materials, 
w e  chose it as a s tandard  a g a i n s t  which t o  compare a l l  our samples of low- 
emittance su r f  aces. 
The boron n i t r i d e  f e l t  w a s  markedly nonabrasive 
The procedure i n  evaluating t h e  abrasion r e s i s t a n c e  of r a d i a t i o n  
s h i e l d s  w a s  t o  mount t h e  samples on a 2.5-inch-diameter aluminum d i s c  
( a l s o  used i n  t h e  emissometer). 
abrasion tester and a f r e s h  sample of Stevens S t y l e  2530 Beta marquise t te  
w a s  a t tached  t o  t h e  top platen.  With a one-pound weight added t o  t h e  top 
The d i s c  w a s  then placed i n  the  S t o l l  
p l a t e n ,  t h e  sample w a s  subjected t o  500 cyc les  of wear and t h e  su r face  
w a s  examined v i sua l ly .  I f  l i t t l e  degradation w a s  noted, an add i t iona l  
one-pound weight w a s  added t o  t h e  top p l a t e n  and t h e  sample w a s  subjec ted  
t o  another 500 cyc les  of wear. 
sample e i t h e r  showed no t i ceab le  degradation of t h e  low-emittance s u r f a c e  
o r  u n t i l  t h e  load-limit  of t h e  abrasion t e s t e d  w a s  reached. The loading 
i n  t h e  abrasion tester w a s  va r i ed  from a minimum of 0.20 p s i  t o  a 
This  procedure w a s  repeated u n t i l  t h e  
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m a x i m u m  1.83  p s i  i n  n i n e  incremental  s t e p s  (corresponding t o  add i t ion  of 
successive one-pound loads t o  t h e  upper p l a t en )  
I n  conj-unction wi th  the  abrasion test, emittance tests were made on 
t h e  r a d i a t i o n  sh ie lds .  Because t h e  r e s u l t s  of t h e  abrasion tests are 
c lose ly  r e l a t e d  t o  t h e  emittance measurements and t h e  development of 
abrasion r e s i s t a n c e  s h i e l d s ,  t h e  r e s u l t s  of both t h e  abrasion and the  
emittance tests on a l l  samples are discussed i n  t h e  s e c t i o n  on development 
of ab ras ion - re s i s t an t  r a d i a t i o n  s h i e l d s .  
c. Emittance Measurements f o r  Radiat ion Shield Surf aces 
The t o t a l  hemispherical emittance ( h e r e a f t e r  r e f e r r e d  t o  as emittance) 
of t h e  r a d i a t i o n  s h i e l d  su r face  i s  t h e  most important parameter i n  under- 
standing t h e  behavior and predic t ing  t h e  performance of mul t i l aye r  insula- 
t i ons .  
su r f aces  of candidate s h i e l d s  t o  eva lua te  t h e i r  p o t e n t i a l  f o r  incorpora- 
t i o n  in  space s u i t  i n s u l a t i o n  layups. The emissometer w a s  designed and 
constructed by ADL i n  earlier NASA programs f o r  t h e  development of high- 
performance mul t i l aye r  i n su la t ions  f o r  cryogenic s torage  vessels. 
desc r ip t ion  of t h e  theory and opera t ion  of t he  emissometer is included i n  
Reference 3 . )  
During t h i s  program, many emittance measurements were made of t h e  
(A 
Table 7 summarizes t h e  r e s u l t s  of a l l  t h e  emittance tests on samples 
developed o r  used throughout t he  whole program. 
NASA-MSC-supplied materials f o r  use  i n  t h e  e a r l y  phases of the program, 
the samples developed by us- -par t icu lar ly  those wi th  var ious  overcoating 
materials--and materials s p e c i a l l y  procured f o r  t h i s  program. Each sample 
is i d e n t i f i e d ,  i ts  su r face  condi t ion  noted, and t h e  wear tests ( i f  any) 
are noted. . I n  s e v e r a l  cases, t h e  su r face  of t h e  r a d i a t i o n  s h i e l d  sample 
w a s  so badly worn t h a t  measurement of t h e  emittance would have been use- 
less. I n  these  in s t ances ,  t he  condi t ion  of t h e  su r face  w a s  simply noted 
and no emittance measurements w e r e  made. Other sample emittances w e r e  
measured both before  and a f t e r  being subjected t o  successive s t a g e s  of 
wear. 
t h e  germanium-overcoated su r faces ,  a f u l l  cycle of w e a r  tests w a s  completed, 
including n ine  incremental i nc reases  i n  t h e  p l a t e n  weight on t h e  S t o l l  
These samples inc lude  
I n  t h e  case of those  materials which withstood wear, p a r t i c u l a r l y  
29 





















































































































r l m  
3* 
0 
O N  

















P P  1 1 


























k : z  
m a  m a a  
k k N N  N N N  
0 0  0 0 0  
0 0  0 0 0  
. .  +Jg 
z 1  8 E 
o m  
2 @  
m a  
a \ o  
0 0  . .  





N a m  a, 
0 4 - 4  
0 0  u N h  
(d . 0  
.rl a 
m a 8 
u a  
0 0  e l m  
U a  
0 0  
0 0  
".? . .  
00 


















O N  
0 .  m o  
0 0  
0 0  a *  
00 
0 0  E a u  
I 
P a  
l i i  
vJ3 N 



















M u a z 
31 
Arthur D Little, Inc 
a a a  
I 
m m  I- 
N N  \L) 
0 0  0 
0 0  0 





































r l m  o m  



































































\D m m m 







00 m t n  
I - I  
rn 
40 4 0  
m o o  m o d  
4 m o  4 m o  














I- 00 cn O cn cn cn O 
I- h b co 
33 
C-l U 
0 0 co 01 
m cn 
0 0 co 00 
Arthur D Little, Inc 
I - 0 3  
c v c v  
0 0  




r n h  03 
m N e 4  cv m 0 0  0 
* .  
0 0 0  0 
O r l r l r l N N c v m m m  
N m U \ D O C O O N U ~ u J  
0 0 0 0 0 r l r l d d d  
. . . . . . . . . .  
U U U U U U U U U U  
( d t d ( d ( d ( d ( d ( d ( d ( d ( d  
m m m m m m m m m m  
a J a J a J a J a J a J a J a J a J a ,  
rlrldrll-idrlrlrld 
U U U U U U U U U U  
h h h h h h h h h h  















0 0 0 0 0 0 0 0 0 0  $ 2 m m m m m m m m m m  
0 0 0 0 0 0 0 0 0 0  




d d d  
0 0 0  
- \ O m  
0 0 0  
0 3 0 3 0 0  
34 



































8008 m m m  
d r l  
0 
0 0 0  0 0  0 0 0 0 0 0  0 




a m  
4 0  o a  
Ma" 
0 0  o a  
o(d 
4 3  
C 
U U a 
8 







































a b  
r l d  c o c o  
a0 Q\ 














m a  
03 c o c o  N 0 0 0 a 
0 
l-i rid N N 
0 0  0 0 0 
* .  d 0 0  0 0 0 0 
b b m  
N N  N 
0 0 0  
0 0 0  
O N  
U 
G m  
.4 s 
rn 
O N  O N  
ocd ocd 
oal ma, 
4 3  l-i? 
cdU 
000 000 

































4 2  
G 
.d e 3 -  da, 




ml- u m a 
NcJ N N N 
coo0 03 a0 co 
O r l N  m m m  
a 3 0 3 0 3  
36 
Arthur D Little, Inc 
u d N O  
N m N m  
0 0 00 . .  
0 0 0 0  
a a a  
a, a, a, 




















































r l \ o  
N d  
0 0  
0 0  
k 
0 0 0 0 0 0 0 0 0  
0 0 0 0 0 0 0 0 0  m m m m m m m m m  22 
0 0 0 0 0 0 0 0 0  
0 0 0 0 0 0 0 0 0  m m m m m m m m m  3 






0 u 4-l a a 
0 0  
m m 
b b co co 
N U  
b b  c o c o  
38 
Arthur D Little, Inc 
r l m  
hlN 
00 















rlhl m m  m m  
a m  
m e  
00 
00 
. .  
4r 
rl u u  
h *rl 
0 
OaJ o u  - a  o a  
r l m  
39 
Arthur D Little, Inc 
abrasion tester u n t i l  t he  load l i m i t  of t h e  tester w a s  reached (9-pound 
load--a compressive loading of 1.83 p s i ) .  
d. Physical  Proper t ies  
(1) Tensi le  Strength.  The u l t imate  t e n s i l e  s t rength  of 
r a d i a t i o n  sh ie lds ,  spacers, and composite r ad ia t ion  sh ie ld  and spacers 
w a s  measured by the  grab method [Federal  Specif icat ion-inter im method 
5100.1 (DOD) CCC-T-19lbI. 
inches long with t h e  long dimension p a r a l l e l  t o  t he  d i r ec t ion  being 
tes ted .  I n  t h e  case of woven f a b r i c s ,  t h e  long dimension was p a r a l l e l  
t o  t h e  warp when determining warp breaking s t rength ,  and p a r a l l e l  t o  t h e  
f i l l  when determining f i l l  s t rength.  I n  each determination, a minimum 
The specimens w e r e  four  inches wide and s i x  
of th ree  specimens f o r  each d i r ec t ion  w a s  t e s t ed  from each sample un i t .  
The pul l ing  clamp had a uniform speed of 1 2  - + 0.5 inches per minute. 
r e s u l t s  of the  t e n s i l e  s t r eng th  tests, as w e l l  as r e s u l t s  of tests of 
o ther  physical  p roper t ies ,  are summarized i n  Table 8. 
The 
(2) Tear Strength.  The tear s t r eng th  of woven f ab r i c s  used 
as spacer materials and i n  composite r ad ia t ion  sh ie lds  w a s  measured by 
t h e  tongue (s ingle-r ip)  method i n  a t ens i l e - t e s t ing  machine with a 
constant  rate of extension. 
sheet ing w a s  t e s t ed  i n  t h e  same manner. A rectangular  specimen, cu t  i n  
the  center  of t h e  sho r t e r  edge t o  form two tongues (or t a i l s ) ,  i s  gripped 
i n  t h e  clamps of a recording t ens i l e - t e s t ing  machine and pul led t o  
simulate a r i p .  The fo rce  t o  continue the  tear is  determined from t h e  
average of t h e  f i v e  highest  peaks. 
subs t an t i a l ly  lengthwise, t he  sample w a s  described as untearable  i n  t h a t  
d i r e c t i o n  by t h i s  test method. The r e s u l t s  of tear s t r eng th  (propagating) 
tests are summarized i n  Table 8. 
The tear r e s i s t ance  of p l a s t i c  f i lm  and t h i n  
I f  the  tear i n  the  material w a s  no t  
(3) Fold Endurance. The f l exure  endurance of r ad ia t ion  
sh ie lds ,  spacers ,  and composites w a s  measured i n  an MIT-type folding 
apparatus according t o  ASTM standard D2176-63T. A sample s t r i p ,  15 
mi l l imeters  wide, is held on one end i n  a spring-loaded clamping j a w  and 
a load from 0.5 t o  1.5 kilograms is  applied t o  t h e  sample s t r i p .  
s t r i p  is held on t h e  other  end by an o s c i l l a t i n g  folding head which has 
The 
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two smooth c y l i n d r i c a l  fo ld ing  sur faces  Parallel t o  and S P e t r i C a l l Y  
placed wi th  respec t  t o  t h e  axis of ro t a t ion .  
tween t h e  two c y l i n d r i c a l  fo ld ing  sur faces .  
r o t a t i o n  i s  midway between t h e  common tangent planes of t h e  two fo ld ing  
sur faces .  The r o t a r y  o s c i l l a t i n g  movement of t h e  head f o l d s  t h e  sample 
to  an angle  of 135O t o  t h e  r i g h t  and t o  t h e  l e f t  of t h e  f l a t  pos i t ion .  
I n  a l l  tests, t h e  specimen was f lexed  t o  more than  10,000 cyc les  o r  u n t i l  
f a i l u r e  occurred. The r e s u l t s  (Table 8) i n d i c a t e  the  number of cyc les  
and the loading on t h e  sample. 
The sample is clamped be- 
The pos i t i on  of t h e  a x i s  of 
(4) S t a b i l i t y  i n  Vacuum. Candidate materials were evalua- 
ted f o r  s t a b i l i t y  i n  a vacuum a t  room temperature, -320°F, and 250OF. 
I n  t h i s  eva lua t ion ,  candidate samples of t h e  material w e r e  placed i n  a 
temperature-controlled vacuum oven where the pressure  w a s  maintained a t  
less than t o r r .  Two sets of samples  were used, one f o r  t he  ambient 
temperature and one f o r  both t h e  low- and high-temperature weight-loss 
tests. 
scale and placed i n  t h e  chamber, which w a s  then evacuated and maintained 
a t  t h e  test temperature. After periods ranging from 22 t o  64 hours ,  the 
samples were removed and c a r e f u l l y  weighed t o  determine t h e i r  weight loss. 
The samples were then  re turned  t o  t h e  vacuum oven and t h e  test  w a s  
continued. 
change i n  weight of t h e  sample as a func t ion  of exposure t i m e .  
expected, t h e  samples a l l  showed an i n i t i a l  weight l o s s  a f t e r  t h e  f i r s t  
exposure t o  vacuum. I n  t h e  case of samples exposed a t  250°F, t h e  sample 
weight loss w a s  no t iceably  h igher  than t h e  weight l o s s  f o r  the cold- and 
ambient-temperature tests. The weight l o s s  occurs sooner a t  t he  h igher  
temperature. Table 8 lists s t a b i l i t y  i n  a vacuum f o r  most of the important 
materials used i n  t h i s  study as t h e  percent  weight change a f t e r  45 hours 
a t  240°F i n  t o r r  vacuum. 
I n  each test, t h e  samples were accura te ly  weighed on a labora tory  
Resul t s  of t h i s  series of tests are summarized as t h e  percent  
A s  
3. Development of Abrasion-Resis t a n t  Radiation Shields 
a. Baseline 
The base l ine  i n s u l a t i o n  used i n  t h i s  study included aluminized 
polyes te r  (Mylar) r a d i a t i o n  sh ie lds .  A s  a base l ine  for development of 
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abras ion - re s i s t an t  r a d i a t i o n  s h i e l d s ,  we used NASA-supplied aluminized 
polyimide (Kapton) f i lm.  We b e l i e v e  t h a t  f o r  abrasion r e s i s t a n c e  of 
low-emittance su r faces ,  vapor-deposited aluminum on polyimide behaves i n  
t h e  same way as does vapor-deposited aluminum on polyester.  
I n  t h e  prel iminary eva lua t ion  of aluminized po lyes t e r  r a d i a t i o n  
s h i e l d s ,  s eve ra l  samples of NASA-supplied 0.5-mil Kapton wi th  vapor- 
deposited aluminum on both s i d e s  w e r e  subjec ted  t o  wear tests. 
examination of samples a f t e r  100, 500 and 1,000 cyc les  ind ica t ed  t h a t  
no t i ceab le  wear begins a f t e r  approximately 100 cycles and t h a t  consider- 
a b l e  degradation of t h e  aluminum su r face  occurs before 1,000 cycles. The 
emittance of these  samples which had been subjec ted  t o  increas ing  numbers 
of cycles i n  t h e  test  machine w e r e  measured. Two d i f f e r e n t  compressive 
loads were used: 0.102 and 0.204 p s i .  The r e s u l t s  of these tests are 
tabula ted  f o r  sample numbers 756 through 759 and 761 through 765 i n  
Table 7 .  
Visual  
A p l o t  of t h e  r e s u l t s  of t hese  emittance degradation tests (Figure 
1) i n d i c a t e s  t h a t  t h e  sample emittance degrades with increas ing  w e a r  
cycles.  Under a constant load of one pound (0.204 p s i ) ,  t h e  sample de- 
grades more r a p i d l y  than under a constant load of one-half pound (0.102 
p s i ) .  
Each of t h e  NASA-supplied samples of double-aluminized Kapton w a s  
checked f o r  coating th ickness  by measuring t h e  r e s i s t a n c e  per square of 
both s i d e s .  The r e s u l t s  i nd ica t ed  t h a t  one s i d e  had a coating th ickness  
of about 240 A and t h e  o the r  about 310 A. 
300 A i s  less than  w e  have found optimum f o r  r a d i a t i o n  s h i e l d s .  
study f o r  NASA-Lewis Research Labora tor ies  (Reference 4 ) ,  w e  found t h a t  
minimum emittance is obtained when t h e  vapor-deposited aluminum is 
th i cke r  than  500 A. 
0 0 
The average thickness of 
0 
I n  a 
0 
b. Prel iminary Surface Coating Inves t iga t ions  
Early i n  our development of abras ion- res i s tan t  surf aces f o r  r a d i a t i o n  
s h i e l d s ,  we  t e s t e d  four  techniques, none of which proved f e a s i b l e .  
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I n  t h e  f i r s t  test involving double-coated sur faces ,  we appl ied an 
extremely th i ck  layer  (1800 A) of aluminum on a 1 - m i l  Kapton s u b s t r a t e  
and anodized t h i s  aluminum t o  a depth of approximately 1000 A. 
coating of aluminum w a s  then vapor-deposited on t h e  anodized aluminum 
undercoating, s ince ,  i f  t h e  top  l a y e r  of low-emittance aluminum w e r e  
subjected t o  wear, t he  anodized aluminum layer  might be exposed. 
anodized aluminum transmits  i n f r a red  energy and t h e  base aluminum s t i l l  
func t ions  as a good r a d i a t i o n  sh ie ld .  This  sample was t e s t ed  a t  500 
cycles  w e a r  a t  0.204 p s i .  Resul t s  i n d i c a t e  t h a t  t he  top coat  of aluminum 
d id  w e a r  through i n  p laces ,  exposing the  anodized aluminum laye r ,  and t h a t  
t he  adhesion of t h e  base aluminum w a s  poor i n  spots .  
poor con t ro l  of t he  anodizing procedure may have caused the  poor adhesion 





We be l i eve  t h a t  
0 
In  the  second test, w e  vapor-deposited 200-500 A of chromium on a 
0 
1 - m i l  Kapton subs t r a t e .  We then appl ied 1800 A of aluminum on top of t h e  
chromium, s o  t h a t  i f  t h e  aluminum on top w a s  worn away, t h e  hard chromium 
sublayer  (being a f a i r l y  good low-emittance sur face)  would provide a b e t t e r  
emit t ing sur face  than j u s t  t he  Kapton. This sample w a s  subjected t o  500 
cycles  wear a t  0.204 p s i .  Again, the  aluminum wore through over a l a r g e  
area of t h e  sample, exposing t h e  hard chromium sublayer.  The concept of 
a double-coated sur face ,  although considered promising as a r e s u l t  of 
these  tests, w a s  abandoned in  favor  of o the r  techniques. 
I n  a t h i r d  test, w e  coated the  Beta marquise t te  spacer with a heavy 
l a y e r  of indium metal, which, being s o f t e r  than t h e  aluminum, would act 
l i k e  a lub r i can t  between the  f i b e r g l a s s  and the  s h i e l d .  
double-aluminized (300 A) Kapton w a s  used as the  base sample f o r  t e s t ing .  
The aluminum su r face  w a s  badly worn away after 100 cycles  a t  0.204 p s i .  
This technique w a s  abandoned. 
NASA-supplied 
0 
I n  the  fou r th  test ,  we l i g h t l y  coated a sur face  of NASA-supplied 
0 
double-aluminized (300 A) Kapton with dimethyl polysiloxane. Subjected 
t o  500 cycles  wear a t  0.204 p s i ,  t h i s  sample showed only s l i g h t  s igns  of 
w e a r .  We concluded that s m a l l  amounts of s i l i c o n e  lubr icant  might be  
b enef i cia1 . 
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c. Germanium Overcoating 
0 
A 5000 A l aye r  of germanium w a s  vapor-deposited on a sample of NASA- 
suppl ied double-aluminized Kapton. After a 500-cycle wear test a t  0.204 
p s i ,  t h e r e  w a s  no v i s u a l  s i g n  of su r face  de t e r io ra t ion .  Then, 500 addi- 
t i o n a l  cyc les  of wear w e r e  made a t  0.306 p s i  and only s l i g h t  s i g n s  of 
wear appeared. 
Sample No. 777 i n  Table 7 ) ,  we concluded t h a t  a very hard and wear-resis tant  
sur face  could be achieved on aluminized Kapton by vapor-deposition of 
germanium. 
From t h i s  i n i t i a l  screening test  ( l i s t i n g  preceding 
W e  continued t h e  s tudy of germanium as an overcoating f o r  aluminized 
su r f  aces. Samples of NASA-supplied double-aluminized Kapton were coated 
wi th  500, 1100 and 2000 A of germanium and the  emittances were measured 
both before  and a f t e r  wear (see T e s t s  777, 781, 782, 786, 783, and 787 i n  
Table 7). The sample wi th  approximately 500 A of germanium had an emitt- 
ance of  0.026 before  wear (test 782) and the  same emittance a f t e r  wear 
(test 786). 
before  wear (test 777) and 0.026 a f t e r  wear (test 781),  and t h e  sample 
wi th  2000 A of germanium had an emittance of 0.065 before  wear ( t e s t  783) 
and 0.066 after wear (test 787). From these  measurements, we concluded 
t h a t  approximately 500 A of germanium is s u f f i c i e n t  f o r  pro tec t ing  an 
aluminized su r face  on Kapton aga ins t  r a t h e r  severe abrasion and t h a t  thick- 
nesses  of germanium less than 1000 A do no t  s i g n i f i c a n t l y  degrade t h e  








Samples of germanium-overcoated aluminized Kapton w e r e  subjected t o  
500 cyc les  of wear aga ins t  Beta marquise t te  a t  successively increas ing  
loads from 0.204 p s i  up t o  1.83 ps i .  (See tests 803, 812, and 813, Table 
7.) The measured emittance of t h e  su r face  of  each sample w a s  i n  t h e  range 
from 0.027 t o  0.029, which i n d i c a t e s  very l i t t l e  degradation. 
concluded t h a t  a 500 A germanium coating cont r ibu tes  g r e a t l y  t o  t h e  mech- 
anical p ro tec t ion  of low-emittance su r faces  and does n o t  s i g n i f i c a n t l y  
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d. Gold Coatings 
Gold coatings f o r  half-mil  polyimide (Kapton) f i lms appear t o  be 
good a l t e r n a t i v e s  t o  germanium-overcoated vapor-deposited aluminum on 
t h i s  same subs t r a t e .  A l i q u i d  b r igh t  gold process appears t o  o f f e r  a 
tougher gold surf ace than does vapor deposit ion.  
(1) Vapor-Deposited Gold. Samples of vapor-deposited gold 
A s  found i n  previous programs, ( 3) were applied t o  one-mil polyimide f i lms.  
gold provides a very low-emittance surface;  i n  t h i s  ins tance  t h e  emittance 
w a s  0.016. (See test 816, Table 7.) Germanium overcoating w a s  a l s o  
applied and samples w e r e  subjected t o  t h e  standard wear test. 
of 500 A of germanium does not  s i g n i f i c a n t l y  degrade the  low-emittance 
gold su r face  ( see  test 817) and with t h e  germanium overcoating, t h e  over- 
a l l  emittance of t h e  sample i s  less than t h e  o v e r a l l  emittance of t he  
aluminized sample without germanium over coating. 
The add i t ion  
0 
Samples of both overcoated and unprotected gold on Kapton were 
subjec ted  t o  abrasion-wear tests. 
not  wear as f a s t  as w e  had thought i t  might and t h a t  a f t e r  a severe series 
of tests, t h e  emittance had not degraded s u b s t a n t i a l l y .  (See test 820.) 
The sample of germanium-overcoated gold showed n e g l i g i b l e  degradation i n  
emittance a f t e r  t h e  sample had been subjec ted  t o  wear tests (see test 
822) 
W e  found t h a t  t h e  unprotected gold did 
(2) Liquid Bright Gold Surfaces. W e  i nves t iga t ed  low- 
emittance gold f i n i s h e s  appl ied  by a commercial low-temperature f i r i n g -  
on procedure. 
f i n i s h  which, when applied i n  s o l u t i o n  form and f i r e d  a t  600°F, produced 
a b r i l l i a n t  gold f i n i s h .  When t e s t e d  f o r  emittance,  t h i s  su r f ace  had an  
emittance only s l i g h t l y  higher than t h a t  of vapor-deposited gold (see 
tests 823 and 827). 
t o  w e a r  and then r e t e s t e d  f o r  emittance. 
* 
In t h i s  technique, w e  used Hanovia 8342 Liquid Bright Gold 
Samples prepared by t h i s  technique were subjected 
They exhib i ted  only s l i g h t  
* 
Solutions were obtained from Hanovia Division of Engelhard I n d u s t r i e s ,  
Newark, N . J .  
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degradation a f t e r  a standard series of wear tests. 
Samples w e r e  a l s o  prepared with 500 A of  germanium overcoating and 
subjec ted  to  t h e  same w e a r  tests. 
when overcoated wi th  germanium w a s  observed. It thus appears t h a t  a 
commercially a v a i l a b l e  l i q u i d  b r igh t  gold coating on Kapton f i lm  i s  
f e a s i b l e  f o r  achieving law-emittance su r faces  f o r  space s u i t  i n s u l a t i o n  
r a d i a t i o n  s h i e l d s .  
are t h a t  i t  does not  r equ i r e  a vacuum-deposition procedure and t h a t  
standard machine-coating techniques are capable of achieving the  des i red  
f i n i s h  a t  c o s t s  which are comparable t o  o r  less than those of present  
vapor-deposition techniques because t h e r e  i s  less l o s s  of b a s i c  gold r a w  
material than is t h e  case with vapor deposit ion.  
(See test 824, )  
0 
The usua l  degradation i n  emittance 
The advantages of t h i s  method of su r face  app l i ca t ion  
e. Other Coatings 
(1) S i l i cone  Lubricants.  W e  q u a n t i t a t i v e l y  determined that 
coating an aluminized sur face  wi th  s i l i c o n e  o i l  l u b r i c a n t  does no t  i nc rease  
t h e  w e a r  r e s i s t ance .  
samples were coated with Dow Corning 704 s i l i c o n e  o i l  l u b r i c a n t s  suspended 
i n  acetone. 
t h e  sample su r face  and t h e  sample then spun on a r o t a t i n g  t a b l e  t o  evenly 
d i s t r i b u t e  t h e  l u b r i c a n t .  
ranging from 0.0001% t o  1.0% by weight were subjected to  500 cycles  of 
wear a t  0.204 p s i  and 500 cycles a t  0.306 p s i .  I n  a l l  i n s t ances  micro- 
scopic  examination of t h e  samples showed s i g n s  of considerable wear, so  
they were no t  t e s t e d  f o r  emittance. Thus i t  appears t h a t  concentrations 
of o i l  i n  excess of 1% are requi red  t o  provide minimum pro tec t ion  f o r  
t h e  sample, 
Severa l  NASA-supplied double-aluminized Kapton 
A few drops of t h e  d i l u t e  s i l i c o n e  l u b r i c a n t  were placed on 
Several samples with amounts of s i l i c o n e  o i l  
Severa l  d i f f e r e n t  s i l i c o n e  o i l s  w e r e  then t e s t e d  a t  t h e  1% l e v e l .  
Samples of NASA-supplied double-aluminized Kapton were prepared by the  
spinning method. 
one w a s  t e s t e d  as coated and t h e  o the r  w a s  t e s t e d  after being subjec ted  
For each s i l i c o n e  o i l  t e s t e d ,  two samples w e r e  prepared: 
t o  500 cycles  a t  0.204 p s i  and 500 cycles a t  0.306 p s i .  
( t e s t s  802, 804, and 805 through 809 i n  Table 7) i n d i c a t e  t h a t  t h e  
presence of s i l i c o n e  o i l  i n  1% s o l u t i o n  does not s i g n i f i c a n t l y  a f f e c t  
The test r e s u l t s  
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t he  emittance of t h e  sur face ;  n e i t h e r  does i t  provide very much wear 
pro tec t ion .  For in s t ance ,  comparing sample 807 with sample 802,  w e  see 
t h a t  t h e  emittance near ly  doubles a f t e r  wear t e s t i n g .  
A test w a s  performed t o  determine i f  i t  would b e  b e t t e r  t o  p lace  
t h e  l u b r i c a t i n g  s i l i c o n e  o i l  on the r a d i a t i o n  s h i e l d  su r face  or on the  
spacer material. 
t h e  spacer tes t  c l o t h  i n  the  1% s o l u t i o n  of l u b r i c a t i n g  o i l  and then sub- 
j e c t i n g  t h e  standard NASA-supplied double-aluminized Kapton su r face  t o  
500 cyc les  wear a t  0.204 p s i  and 500 cyc les  a t  0.306 p s i ,  t h e  aluminized 
su r face  w a s  no t i ceab ly  degraded and t h e  emittance w a s  increased  from 
0.025 t o  0.034. 
Comparing tests 778 and 809, w e  see t h a t  by dipping 
(2)  S i l i c o n  Monozide and Aluminum Oxide Overcoatings. W e  
t r i e d  overcoating t h e  NASA-supplied double-aluminized Kap ton by vapor- 
depos i t ing  s i l i c o n  monoxide i n  thicknesses of approximately 200 A. 
0 
When 
subjec ted  t o  w e a r ,  t h e  s i l i c o n  monoxide proved t o  b e  a very  f i n e  sur face  
p ro tec to r .  (See tests 818 and 819.) However, although t r anspa ren t  i n  
t h e  v i s i b l e  spectrum, s i l i c o n  monoxide is  no t  t ransparent  i n  t h e  f a r  i n f r a -  
r ed ;  consequently, t he  room-temperature emittance of a s i l i c o n  monoxide 
overcoated sample i s  almost double t h a t  of t h e  uncoated samples. 
A sample of material w a s  prepared by vapor-depositing a heavy l a y e r  
of aluminum on a 2.5-inch-diameter sample of Kapton and then anodizing 
ha l f  of t h e  sample u n t i l  an aluminum oxide l a y e r  approximately 200 A 
t h i c k  w a s  achieved. 
subjec ted  to  500 cyc les  a t  a loading of 1.83 p s i .  
t h e  non-anodized su r face  w a s  r ap id ly  degraded, whereas the  anodized 
surf ace d id  not degrade not iceably .  
achieving uniform anodizing on t h e  sur face .  
aluminum coating w a s  removed during t h e  anodizing process. 
anodize f u l l  samples w e r e  no t  successfu l .  
0 
The sample was  then  placed i n  the  wear tester and 
During t h i s  wear test ,  
Some d i f f i c u l t y  w a s  experienced i n  
In some areas, all of t h e  
A t t e m p t s  t o  
f .  Summary 
W e  found t h a t  i t  i s  poss ib l e  t o  produce on Kapton s u b s t r a t e s  low- 
emittance coa t ings  which adhered w e l l  and which w i l l  withstand t h e  severe 
abras ion- tes t ing  procedures e s t ab l i shed  f o r  t h i s  program. 
vulnerable  su r face  is vapor-deposited aluminum. 
su r faces ,  e i t h e r  vapor-deposited o r  fired-on by a commercially a v a i l a b l e  
The most 
W e  found t h a t  gold 
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l i q u i d  b r i g h t  gold process,  are remarkably tough ( p a r t i c u l a r l y  the  f i r e d -  
on process) .  
The u s e  of an overcoating material, such as germanium mer aluminum 
o r  gold, is  very  success fu l  i n  providing the  des i r ed  wear c h a r a c t e r i s t i c s  
f o r  t h e  r a d i a t i o n  s h i e l d s .  Of t h e  th ree  materials t e s t e d  (germanium, 
s i l i c o n  monoxide, and anodized aluminum), w e  found t h a t  500 A of germanium 
provides t h e  b e s t  p ro t ec t ion  with t h e  least degradation of emittance. 
S i l i c o n  monoxide, although t ransparent  i n  t h e  v i s i b l e  spectrum, i s  not 
t r anspa ren t  i n  t h e  in f r a red .  Thus, t h e  emittance degrades q u i t e  r ap id ly  
when small amounts of s i l i c o n  monoxide are added t o  t h e  low-emittance 
surface.  I n  order t o  anodize vapor-deposited aluminum su r faces ,  it w i l l  
be necessary to  develop a special technique f o r  passing t h e  required high 
cu r ren t s  through t h e  t h i n  sur face  coating without degrading t h e  aluminum 
i n  random spots .  Our attempts t o  achieve uniformly anodized su r faces  
were not  successfu l .  
0 
4 .  
Ear ly  i n  t h e  program, NASA-MSC provided us wi th  a sample of space 
Development of Composite Radiation Shie lds  and Spacers 
s u i t  i n s u l a t i o n  made wi th  composite r a d i a t i o n  s h i e l d s  (Schj e l d a h l  S t y l e  
X-993) cons is t ing  of half-mil ,  double-aluminized Kapton which had been 
bonded t o  a Beta marquise t te  f i b e r g l a s s  spacer ( s imi l a r  t o  Stevens S t y l e  
2530) wi th  a self-extinguishing adhesive (Schjeldahl N o .  A-61). The 
outstanding c h a r a c t e r i s t i c  of t h i s  material is t h a t  i t  is highly f l e x i b l e ,  
which i s  d e s i r a b l e  i n  a space s u i t  app l i ca t ion .  However, by applying 
t h e  adhesive t o  one s i d e  of t h e  r a d i a t i o n  s h i e l d ,  one low-emittance 
su r face  of t h e  r a d i a t i o n  s h i e l d  is  badly degraded. To overcome t h i s  
problem, ae developed a lamination technique whereby small amounts of 
s i l i c o n e  adhesive were t r a n s f e r r e d  only t o  those  po r t ions  of t h e  Beta 
marquise t te  spacer which come i n  contact with t h e  r a d i a t i o n  s h i e l d .  
Thus, w e  obtained a good bonding contac t  between t h e  spacer and the  
r a d i a t i o n  s h i e l d  without  excess ive  adhesive being l e f t  on t h e  low-emittance 
sur face .  
Early i n  t h e  development program, w e  came up wi th  an idea  f o r  a 
composite thermal r a d i a t i o n  s h i e l d  and spacer (Figure 2) which might 
5 1  
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Film Warp Yarns Fill Yarn 
FIGURE 2 COMPOSITE THERMAL RADIATION SHIELD AND SPACER 
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have good load-bearing c a p a b i l i t y  when compressed, y e t  a t  t h e  same time 
have low thermal conductance. It combines the  func t ion  of a r a d i a t i o n  
s h i e l d  with a spacer i n  one s t r u c t u r e  and can b e  made by dipping an open- 
mesh Beta f i b e r g l a s s  f a b r i c  i n  a polymeric f i lm  so lu t ion .  
s u i t a b l e  con t ro l ,  a high-strength f i lm with a smooth, continuous f i n i s h  
w i l l  form i n  t h e  open spaces between t h e  warp and f i l l  yarns of t h e  
f a b r i c .  
can be coated wi th  a low-emittance material such as vapor-deposited 
aluminum . 
Through 
After t h e  f i lm is cured, both su r faces  of t h e  composite spacer 
W e  experimented with var ious  polymeric s o l u t i o n s  t o  achieve bubble- 
bridging between t h e  yarns of several open-mesh f a b r i c s  , including neoprene 
rubber,  a c r y l i c ,  polyvinyl  acetate, polyvinyl  a l coho l ,  and polyimide 
(Kapton). 
1659 s t r e t c h e d  on 15-inch-diameter hoops and dipped-coated i n  a s o l u t i o n  
of Kapton (DuPont, Pyre ML, RC-5057). 
The b e s t  r e s u l t s  were obtained with samples of Stevens S t y l e  
The samples were then oven-dried, vapor-deposited with aluminum on 
each su r face  ( th ickness  approximately 500 A t o  600 A ) ,  and a space s u i t  
i n s u l a t i o n  layup made and t e s t e d  from t h i s  material. (The r e s u l t s  of 
t hese  tests are summarized i n  Section I V . )  Unfortunately, t he  material 
which w e  produced w a s  much too s t i f f  f o r  use as a space s u i t  i n s u l a t i o n  
and, a f t e r  t h e  thermal conductance measurements w e r e  completed, t h e  
program f o r  a composite r a d i a t i o n  shield-spacer i n s u l a t i o n  was  abandoned. 
0 0 
5. B e s t  Radiation Shie lds  and Spacers 
A t  t h e  conclusion of t h e  materials development phase of t h e  program, 
we s e l ec t ed  fou r  r a d i a t i o n  s h i e l d s ,  t h ree  spacers,  and two composite 
r a d i a t i o n  s h i e l d s  and spacers f o r  f u r t h e r  s tudy  i n  combination wi th  each 
o the r  as space s u i t  i n su la t ions .  The gene ra l  s p e c i f i c a t i o n s  f o r  these  
materials are l i s t e d  i n  Table 9. 
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TABLE 9. SELECTED RADIATION SHIELDS, SPACERS AND COMPOSITES 
Radiation Shie lds  
0 
Polyimide f i lm  wi th  500 A vapor-deposited aluminum on both s i d e s .  
Polyimide f i l m  with 500 A vapor-deposited aluminum and 500 A 
germanium overcoating on both s ides .  
Polyimide f i lm with 1000 A l i q u i d  b r igh t  go ld  coating on both s i d e s .  
0 0 
0 
Polyimide f i lm with gold coating and germanium overcoating on both 
s i d e s .  
Composite Shield- and-Spacer 
In t eg ra t ed  spacer and r a d i a t i o n  s h i e l d  with low-emittance coating 
on both s ides .  
Spacer laminated t o  t h e  r a d i a t i o n  sh ie ld .  
Spacers 
F iberg lass  fabrics--1eno-weave Stevens S t y l e  2530, both uns t ab i l i zed  
and s t a b i l i z e d .  
F iberg lass  fabrics--plain-weave S ty l e  1 0 4 ,  both uns t ab i l i zed  and 
s t a b i l i z e d .  
Thin shee t s  of open-cell f l e x i b l e  polyurethane foam. 
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I V .  EVALUATION OF RADIATION SHIELD AND SPACER COMBINATIONS 
Many space s u i t  i n s u l a t i o n s  can be formed from combinations of t h e  
four r a d i a t i o n  s h i e l d s ,  t h ree  spacers ,  and two composite r a d i a t i o n  s h i e l d  
and spacer materials s p e c i f i e d  i n  Table 9. From the  l i s t  of s h i e l d s  and 
spacers ,  w e  s e l ec t ed  t h e  following fou r  combinations f o r  eva lua t ion  of 
thermal conductance and obtained s u f f i c i e n t  materials f o r  t h e  eva lua t ion  
p r ogr a m  : 
0 
* Radiation s h i e l d s  of 1.0-mil Kapton with 1700 A l i q u i d  
b r i g h t  gold both s i d e s  and 0.030-inch f l e x i b l e  open-cell 
polyurethane foam spacers.  
Radiat ion s h i e l d s  of 0 .5-milKapton with 800 A 
aluminum and 500 A germanium both s i d e s ,  and 0.030- 





Radiat ion s h i e l d s  of 0 .5-mi l  Kapton with 800 A 
0 
aluminum and 500 A germanium both s ides ,  and Stevens 
S t y l e  2530 Beta marquisette.  
Radiat ion s h i e l d s  of 0.5-mil Kapton with 800 A 
aluminum and 500 A germanium both s i d e s ,  and S t y l e  




These samples were subjec ted  t o  nondestructive simulated w e a r  tests 
p r i o r  t o  being t e s t e d  f o r  thermal conductance under compressive loads 
ranging from zero t o  15 p s i ,  temperatures ranging from -250' t o  300°F, 
and a t  a vacuum of 10 t o r r .  The two most d e s i r a b l e  material combina- 
t i o n s  (based upon the  i n i t i a l  thermal conductance t e s t s )  were chosen f o r  
f u r t h e r  t e s t i n g  i n  t h e  unworn condition. 
conductance of an  i n s u l a t i o n  which w a s  similar t o  t h e  layup 1 used i n  
t h e  Gemini space s u i t s  and two add i t iona l  samples: 
another a composite shield-and-spacer lay-up. 
t e s t e d  under our po r t ion  of t h e  program, NASA-MSC provided e i g h t  
-5 
We a l s o  measured t h e  thermal 
one a laminate and 
I n  add i t ion  t o  t h e  samples 
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supplemental samples. 
A. SAMPLES EVALUATED 
1. Samples f o r  Basic Program 
Table 10 summarizes t h e  da t a  on t h e  space s u i t  i n s u l a t i o n  samples 
t e s t e d  under t h e  b a s i c  program. The Gemini i n s u l a t i o n  layup is  sample 
ADL-01. 
subjec ted  t o  simulated wear p r i o r  t o  being t e s t ed .  
Samples ADL-04 through ADL-07 are the  fou r  samples which were 
Germanium-overcoated aluminized r a d i a t i o n  s h i e l d s  w e r e  chosen on 
t h e  b a s i s  of t h e i r  demonstrated a b i l i t y  t o  resist abrasion. 
bright-gold-coated r a d i a t i o n  s h i e l d s  w e r e  chosen on t h e  b a s i s  of t h e i r  
low emittance and s u r p r i s i n g l y  good r e s i s t a n c e  t o  abrasion. The Beta 
marquise t te  spacer w a s  chosen because it c lose ly  resembles t h e  b r i d a l  
ve i l  spacer we use  
t i o n s ,  is non-flammable i n  100% oxygen, and t h e  bas i c  g l a s s  material has 
low thermal conductance. 
spacer  w a s  chosen because such foams have demonstrated low thermal con- 
ductance under compressive loads.  
The l i q u i d -  
success fu l ly  i n  many cryogenic in su la t ion  applica- 
The open-cell f l e x i b l e  polyurethane foam 
2. NASA-MSC Samples 
Table 10 a l s o  lists t h e  e i g h t  samples provided by NASA-MSC as 
supplements t o  t h e  b a s i c  program: th ree  experimental NASAlayups (MSC- 
01 through MSC-03) and f i v e  supplemental samples which augmented t h e  
b a s i c  program (MSC-04 through MSC-08). 
3 .  Miscellaneous Samples 
I n  add i t ion ,  two ADL samples w e r e  t e s t e d  which were not  wi th in  t h e  
d i r e c t  scope of t h e  con t r ac t ,  bu t  which w e  bel ieved might improve space 
s u i t  i n su la t ions :  
double-aluminized Kapton r a d i a t i o n  s h i e l d  and a Beta marquiset te  spacer;  
t h e  o the r  sample w a s  a composite r a d i a t i o n  s h i e l d  and spacer (ADL-03). 
one sample (ADL-02) w a s  a laminate of a standard 
B. THERMAL CONDUCTANCE TESTS 
When eva lua t ing  t h e  e f f ec t iveness  of mul t i layer  i n s u l a t i o n s  e i t h e r  
on a cryogenic tank f o r  space app l i ca t ions  o r  i n  an a s t ronau t ' s  space 
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Arthur D Little, Irm 
s u i t ,  t h e  important c r i t e r i o n  is t h e  amount of hea t  which will flow 
through t h e  i n s u l a t i o n  under any given boundary conditions.  Thus, t h e  
parameter of importance when comparing va r ious  space s u i t  i n su la t ions  i s  
t h e  h e a t  f l u x  per  u n i t  area f o r  a given temperature dr iv ing  force.  This 
parameter is o f t e n  ca l l ed  t h e  conductance and i s  given by t h e  equation: 
Q c =  
A(twarm - t  cold 1 
Thermal conductivity--defined as t h e  hea t  f l u x  pe r  u n i t  area p e r  u n i t  
of th ickness  and temperature dr iv ing  force--is no t  app l i cab le  f o r  space 
s u i t  i n s u l a t i o n s  because t h e  i n s u l a t i o n  thickness a t  a l l  l oca t ions  on 
t h e  space s u i t  i s  unknown (va r i e s  unpredictably).  Thus, although t h e  
measurements include the  sample th ickness ,  w e  have r e f r a ined  from present- 
ing our r e s u l t s  i n  the  standard thermal conductivity form; in s t ead ,  w e  
u se  t h e  thermal conductance as defined above. 
1. Thermal Conductance Measuring Apparatus 
The thermal conductance of space s u i t  i n s u l a t i o n  layups w a s  
measured i n  t h e  double-guarded cold p l a t e  ca lor imeter  described i n  
References 3 and 4 .  
are achieved wi th  t h e  low-load f l o a t i n g  p l a t e  apparatus described i n  
Reference 4 .  
Light  compressive loads on t h e  i n s u l a t i o n  sample 
2. Spec ia l  T e s t  Techniques 
I n  our measurements o f  t h e  thermal conductance of candidate space 
s u i t  i n s u l a t i o n  systems i n  t h e  dual temperature ranges of +70° t o  +300°F 
and -250 t o  +70°F, two i d e n t i c a l  samples of each space s u i t  layup were 
prepared and mounted i n  t h e  sample chamber, as shown i n  Figure 3.  The 
samples were separa ted  by a midplane temperature measurement d i s c  cons is t -  
ing of 0.002-inch-thick aluminum f o i l  sandwiched between two 0.002-inch- 
t h i c k  Mylar f i lms.  
thermocouples were a t tached  t o  t h e  aluminum f o i l  and t h e  leads drawn 
out i n  such a manner as t o  minimize conduction t o  t h e  edge of t h e  f o i l .  
The center  s e c t i o n  of t h e  aluminum f o i l  w a s  6 inches i n  diameter and 
Three 0.001-0.002-inch-diameter chromel-constantan 
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Cold Plate 
7 Guard Vessel f 
Typical Temperatures 
-32OoF 






(3) 0.001 - .002 inch 







Detail of the Midplane Temperature Measurement 
Disc 
FIGURE 3 MEASUREMENT TECHNIQUE FOR IDENTICAL SAMPLES 
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separated from the  ou te r  s e c t i o n  by a 1/16-inch gap t o  reduce edge 
losses .  
The warm-plate temperature of the  apparatus w a s  maintained a t  e i t h e r  
300'F o r  20C°F, and t h e  cold-boundary temperature a t  -320°F, t h e  tempera- 
t u r e  of l i q u i d  ni t rogen.  Under s teady-s ta te  condi t ions,  t he  midplane 
temperature remained a t  an intermediate  l e v e l  between the  warm and cold 
p l a t e s  of t he  appratus .  Because the  conductance of mul t i layer  insula- 
t i o n  is temperature-dependent and increases  with increasing temperature, 
t he  midplane temperature between t h e  two insu la t ion  samples w a s  always 
above t h e  midpoint temperature of t h e  given range. The hea t  f l u x  through 
both i n s u l a t i o n  samples, of course,  w a s  the  same. The important measured 
q u a n t i t i e s  were hea t  f l u x ,  compressive load on the  sample, and the  mid- 
p lane  temperature . 
Once the  sample w a s  i n s t a l l e d  and the  chamber evacuated t o  the  des i red  
pressure,  t h e  guard, measuring, and s h i e l d  ves se l s  were f i l l e d  with 
l i q u i d  n i t rogen  and the  warm p l a t e  temperature of 200'F w a s  es tab l i shed .  
The test procedure then consis ted of measuring t h e  no-load hea t  f l ux  by 
reducing t h e  gap between the  sample and the  cold p l a t e  (Located above t h e  
sample) i n  successive s t ages  and measuring t h e  heat  f lux.  As t h e  sample 
gap w a s  reduced, t he  hea t  f l ux  decreased t o  a minimum value and then 
increased when t h e  sample contacted t h e  cold p l a t e .  
conductance condi t ion w a s  achieved a t  the  poin t  of minimum hea t  f l ux  
j u s t  before  t h e  sample contacted the  cold p l a t e .  
The no-load thermal 
Measuring t h e  minimum conductance w a s  of t e n  a lengthy procedure. 
During each measurement, t he  equilibrium temperature of t he  temperature 
measurement d i s c  between t h e  two samples w a s  measured and the  thermal 
hea t  f l u x  determined by measuring t h e  boil-off rate of t h e  l i q u i d  n i t rogen  
from t h e  measuring vessels. 
and measurements taken a t  the  o r i g i n a l  temperature , t h e  temperature of 
t h e  warm p l a t e  w a s  then increased t o  300'F and another set  of equilibrium 
conditions reached. 
had been achieved, t h e  compressive load w a s  then increased t o  0.01 p s i  
by using the  low-load device. Equilibrium w a s  again achieved f o r  warm 
When equilibrium conditions were reached 
When both the  200' and 300'F warm p l a t e  condi t ions 
Arthur D Little, Inn: 
p l a t e  temperatures of 300'F and 200'F. After t h e  second set of condi- 
t i o n s  had been achieved, t h e  load w a s  increased aga in  t o  approximately 
0.1 p s i  and equilibrium h e a t  f l u x  and midplane temperatures again 
achieved a t  300' and 200'F. 
loads of 2.0 p s i  and 15.0 p s i ;  these loads w e r e  applied by t h e  hydraul ic  
ram. 
This procedure w a s  a l t e r e d  f o r  compressive 
The sample thermal conductance w a s  ca lcu la ted  from t h e  hea t  f l u x  
pe r  u n i t  area and t h e  sample boundary temperature. 
(summarized i n  tabular  form i n  t h e  Appendix) include a desc r ip t ion  of 
t h e  sample , t h e  ind iv idua l  sample weights , t h e  midplane weight, the 
compressive load, t h e  ou t s ide  temperature, the i n s i d e  temperature, t h e  
temperature d i f f e rence  across  t h e  sample, t h e  hea t  f l u x  per  u n i t  area, 
t h e  sample thickness , and the  conductance. 
The test d a t a  
3. Simulated Wear of Space S u i t  I n s u l a t i o n  
P a r t  of t h e  program f o r  evaluating combinations of r a d i a t i o n  s h i e l d s  
and spacers w a s  t o  determine how the  materials i n t e r a c t  under laboratory- 
cont ro l led  wear s i t u a t i o n s .  The i d e a l  way f o r  determining how space s u i t  
i n s u l a t i o n  materials behave wi th  each o t h e r  would have been to  bu i ld  a 
space s u i t ,  exe rc i se  i t ,  disassemble i t ,  and see what happened t o  t h e  
in su la t ion ;  however, t h i s  would have been a lengthy process and sub jec t  
t o  uncont ro l lab le  wear. The o b j e c t  of t h i s  po r t ion  of t he  program, 
the re fo re ,  w a s  t o  develop laboratory-controlled techniques f o r  simulat- 
ing t h e  wear which t h e  space s u i t  i n su la t ions  might encounter during 
normal a c t i v i t y .  To achieve t h i s  ob jec t ive ,  a pilot-model and a f u l l -  
scale w e a r  tester w e r e  developed, samples were worn, t e s t e d  f o r  emittance 
and conductance and the  r e s u l t s  reported. 
a. Descr ip t ion  of Wear Technique 
For t h e  acce lera ted  wear tests, w e  applied a compressive load and 
a t  t h e  same t i m e  moved the  r a d i a t i o n  s h i e l d s  and spacers  with r e spec t  t o  
each o t h e r  i n  an abrading motion. The technique (shown schematically i n  
F igure  4 )  c o n s i s t s  of passing t h e  space s u i t  layup around two r o l l e r s  i n  
an "S" configuration. Carefu l  examination of the o u t e r  and inner  l aye r s  
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of t h e  layup as  i t  passes  over one r o l l e r  through the  pinch and ou t  
over t he  o ther  r o l l e r  i nd ica t e s  t h a t  t h e r e  i s  relative motion between 
each l aye r  i n  t h e  layup. Figure 4 shows how t h i s  ac t ion  d i s t o r t s  t h e  
l i n e s  drawn normal t o  t h e  edge of t h e  space s u i t  i n su la t ion .  Compression 
of t h e  space s u i t  i n s u l a t i o n  as i t  passes over t he  r o l l e r  is  achieved by 
tensioning with a weight on a cord at tached t o  t h e  end of  t h e  layup. 
b. P i l o t  Model Tester 
To check ou t  t h e  p r i n c i p l e  of t h e  wear tester, w e  b u i l t  a u n i t  wi th  
two r o l l e r s  1.5 inches i n  diameter and s i x  inches long. An in su la t ion  
sample cons is t ing  of seven l a y e r s  of NASA-supplied double-aluminized 
Kapton (300 A aluminum) and e ight  layers  of Stevens S t y l e  2530 Beta 
marquiset te  spacers  w a s  i n s t a l l e d  i n  t h i s  tester and a tension of 3.03 
pounds w a s  appl ied.  
load i n  t h e  sample w a s  approximately 0.81 p s i .  
tester, the  a c t i o n  s t roke  w a s  4.5 inches.  The layup w a s  run  f o r  a t o t a l  
of 10,000 w e a r  cycles.  After  1000, 1500, 2000,and 10,000 cycles  
respec t ive ly ,  r a d i a t i o n  sh ie lds  w e r e  removed from t h e  layup and t h e i r  
emittance measured. The r e s u l t s  of these emittance measurements (sunnnar- 
ized i n  Table 7) are p lo t t ed  i n  Figure 5. 
very l i t t l e  su r face  degradation occurs below 2000 cycles ,  whereas f o r  
10,000 cycles  the re  is a not iceable  increase  i n  sur face  emittance. This 
su r face  degradation w a s  observable by inspec t ion  of t he  r ad ia t ion  sh ie lds ;  
t he re  w a s  v i s u a l  evidence t h a t  much of  t h e  aluminum w a s  worn away i n  a 
regular  p a t t e r n  l i k e  t h e  p a t t e r n  of t he  spacer material. From these 
preliminary tests, we  determined t h a t  with a loading of 0.81 p s i ,  not ice-  
ab le  wear w i l l  be  produced when the  sample has been cycled approixmately 
10,000 times. 
0 
The sample width w a s  f i v e  inches and t h e  compressive 
I n  t h i s  p i l o t  model 
A s  ind ica ted  i n  Figure 5, 
A second sample w a s  prepared i n  our labora tory  f o r  simulated w e a r  
tests. This sample consis ted of seven l aye r s  of NASA-supplied double- 
aluminized Kapton (300 A aluminum) which w e  overcoated with 500 A of 
vapor-deposited germanium. For spacers ,  we  again used e i g h t  l aye r s  of 
Stevens S t y l e  2530 Beta marquisette.  The sample width w a s  5 inches,  t h e  
tension w a s  3.03 pounds, and the  Compressive load on t h e  sample w a s  
0 0 
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0.81 p s i .  This t i m e ,  t h e  layup w a s  run  f o r  a t o t a l  of 100,000 cycles.  
After 1000, 10,000, and 100,000 cycles r e spec t ive ly ,  r a d i a t i o n  s h i e l d s  
w e r e  removed from t h e  layup and t h e i r  emittances measured. 
of t hese  emittance measurements (summarized i n  Table 7) are a l s o  p l o t t e d  
i n  Figure 5. 
of t h e  su r face  occurred i n  10,000 cyc les  on t h e  germanium pro tec ted  
material (none w a s  v i s i b l e  to  t h e  unaided eye) ,  whereas considerable 
wear had occurred i n  t h e  nonprotected r a d i a t i o n  sh ie lds .  
no t i ceab le  wear d i d  occur i n  t h e  germanium-protected sample bu t  only 
a f t e r  100,000 cycles.  
The r e s u l t s  
From these  r e s u l t s ,  we  see t h a t  very l i t t l e  degradation 
However, 
From these  two tests, we concluded t h a t  t h e  app l i ca t ion  of germanium 
as an overcoating on t h e  r a d i a t i o n  s h i e l d  is  very e f f e c t i v e  i n  reducing 
t h e  su r face  w e a r .  Quant i ta t ive ly ,  t he  germanium overcoating provides 
p ro tec t ion  which allows t h e  sample t o  undergo w e a r  approximately one 
order of magnitude longer before  the  same amount of s h i e l d  degradation 
occurs. I n  add i t ion ,  t h e  p i l o t - s c a l e  simulated wear test apparatus 
proved t h a t  sys temat ic  wear could be  achieved i n  space s u i t  i n s u l a t i o n  
layups i n  t h e  labora tory .  
c. Ful l - sca le  Wear T e s t s  
A f u l l - s c a l e  i n s u l a t i o n  wear simulator capable of cycling a 16-inch- 
wide sample of space s u i t  i n s u l a t i o n  through a maximum s t roke  of 18 
inches w a s  b u i l t  according t o  t h e  p r i n c i p l e s  suggested i n  Figure 4.  The 
test program c a l l e d  f o r  subjec t ing  the  ind iv idua l  space s u i t  layups t o  
10,000 cyc les  and then cu t t i ng  11.5-inch-diameter samples from t h e  
center  of t h e  worn layups f o r  measurement of thermal conductance. 
each of t h e  layups f o r  t h e  wear tester, one e x t r a  r a d i a t i o n  s h i e l d  and 
one e x t r a  spacer w e r e  included i n  order t o  have a sample a v a i l a b l e  f o r  
measurement of emittance a f t e r  w e a r  tests. Usually, a r a d i a t i o n  s h i e l d  
from near t h e  middle of t h e  layup w a s  s e l e c t e d  f o r  these  tests. Descrip- 
t i o n s  of t h e  space s u i t  i n s u l a t i o n  layups as they were used i n  t h e  w e a r  
tester are summarized i n  Table 11. 
I n  
The f i r s t  layup test represented a complete space s u i t  ex t ravehicu lar  
garment and had two l a y e r s  of bladder  c l o t h  on t h e  i n s i d e  and two l a y e r s  
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of Beta f i b e r g l a s s  c l o t h  on t h e  outs ide.  I n  t h e  remaining three  samples 
which were t e s t ed ,  t h e  in su la t ion  layup w a s  placed between two bladder 
layers .  The Beta f i b e r g l a s s  outer  l aye r s  and t h e  two bladder l aye r s  i n  
t h e  f i r s t  sample t e s t ed  r e su l t ed  i n  some undesirable  bunching and wrinkl- 
ing of t h e  in su la t ion  sample. This w a s  e l iminated i n  succeeding tests by 
discarding the  excess layers .  
After  each 2000 cycles of wear, t h e  space s u i t  i n su la t ion  assembly 
w a s  removed from t h e  wear tester and inspected. The important r e s u l t s  
f o r  each sample are noted i n  Table 11. 
I n  summary, t h e  fu l l - s ca l e  wear tests revealed weaknesses i n  the  
in su la t ions ,  p a r t i c u l a r l y  cracking of the  polyimide subs t r a t e .  This 
f a i l u r e  w a s  a l so  observed i n  both the systems tests. Sample ADL-06 with 
Beta marquiset te  spacers  and a germanium-overcoated aluminized-Kapton 
r a d i a t i o n  s h i e l d  survived the  wear test b e t t e r  than any of t h e  o the r  
t h r e e  samples tes ted .  A c lose  second w a s  ADL-05 with 0.030-inch-thick 
polyurethane foam spacers  and the  germanium-overcoated aluminized-Kapton 
r a d i a t i o n  sh ie lds ,  p r imar i ly  because the  pinch, sheer ,  and r o l l i n g  ac t ion  
of t h e  wear tester made t h e  spacer and the  r ad ia t ion  s h i e l d  migrate more 
and thus caused s l i g h t l y  more wrinkling i n  t h e  r a d i a t i o n  sh ie ld  than i n  
the  sample which u t i l i z e d  t h e  Beta marquiset te  spacers.  However, t h e  
d i f f e rences  between the two are n o t  s i g n i f i c a n t  and e i t h e r  type of  spacer 
would b e  a candidate f o r  f u r t h e r  exploratory development. Fur ther ,  inasmuch 
as the  w e a r  test t o  which a l l  samples were subjected i s  r a the r  a r b i t r a r y ,  
w e  have no ind ica t ion  t h a t  e i t h e r  sample would behave b e t t e r  i n  a space 
s u i t  under normal wear conditions.  
C. RESULTS OF CONDUCTANCE TESTS 
The hea t  f l ux  through the  sample and t h e  boundary temperatures w e r e  
measured f o r  each sample a t  zero-load condi t ions and for successively 
l a r g e r  compressive loadings up t o  1 5  p s i .  The sample conductance w a s  
ca lcu la ted  from the  hea t  f l u x  and the  sample boundary temperatures. 
conductance w a s  n o t  measured a t  t h e  exact boundary condi t ions requi red  
i n  the  program--lunar daytime conditions ( t h e  ou t s ide  temperature of the 
space s u i t  a t  300'F and the  i n s i d e  a t  70'F) and lunar  nighttime conditions 
( t h e  outs ide  of t he  space s u i t  a t  -250'F and t h e  i n s i d e  i s  a t  70"F)-- 
The 
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i n s t ead ,  a l l  conductance measurements f o r  t h e  cold p l a t e  temperature 
w e r e  made a t  t h e  bo i l ing  po in t  of l i q u i d  n i t rogen  (-320'F) and f o r  t h e  
warm p l a t e  temperature a t  20cP and 300OF. 
The use  of a mid-plane temperature measurement between two i d e n t i c a l  
samples of t h e  space s u i t  i n s u l a t i o n  allowed u s  t o  simultaneously measure 
t h e  conductance of two samples of space s u i t  i n s u l a t i o n  f o r  each hea t  
f l u x  measurement. I n  most i n s t ances ,  t h e  midplane temperature w a s  higher 
than t h e  70°F required f o r  t h e  i n s i d e  boundary condition of t h e  space 
s u i t ;  t he re fo re ,  ex t r apo la t ions  of t h e  b a s i c  da t a  w e r e  requi red  t o  
determine t h e  i n s u l a t i o n  conductance f o r  t h e  two conditions.  The measured 
conductance a t  each sample pressure  loading w a s  p l o t t e d  as a function of 
t h e  parameter 
and va lues  of t h e  c 
4 T: - T2 
T1 - T2 
nductance a t  the  des i red  t e m  e r a t u r e  d i f f e rences  
(300 to  70°F and 70 t o  -250OF) w e r e  obtained by s t r a i g h t  l i n e  in t e rpo la -  
t ion.  
Appendix ) 
(A desc r ip t ion  of t h i s  ex t r apo la t ion  procedure i s  given i n  t h e  
The d a t a  f o r  a l l  thermal conductance tests performed during t h i s  
program (summarized i n  tabular  form i n  t h e  Appendix) include t h e  cam- 
pressive load , t h e  outs ide  temperatures of t he  i n s u l a t i o n ,  t h e  i n s i d e  
temperature of t h e  i n s u l a t i o n ,  t h e  temperature d i f f e rence  across  each 
i n s u l a t i o n ,  the h e a t  f l u x ,  t h e  conductance of t h e  sample, and t h e  sample 
thickness.  
The i n s u l a t i o n  samples w e r e  i n  t h ree  major groupings: (1) the  
samples developed during t h e  program, (2) NASA-MSC-supplied samples, and 
(3) composite samples provided by both NASA-MSC and ADL. For each group 
of samples, t h e  conductances of t h e  i n s u l a t i o n  f o r  simulated luna r  night- 
t i m e  conditions (sometimes ca l l ed  t h e  cold conditions) , 70' t o  -250'F, 
i s  summarized on one f igu re ;  the conductances of t he  i n s u l a t i o n  f o r  t h e  
lunar  daytime condi t ions  (sometimes ca l l ed  t h e  hot  conditions) , 70" t o  
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300°F, on a second f igu re .  
The conductances f o r  a l l  samples t e s t ed  under t h i s  program are pre- 
sented i n  Figures 6-11 as a func t ion  of t he  sample loading. Figures 6 
and 7 summarize the  conductance as a funct ion of sample loading f o r  t he  
samples developed during the  program. Figures 8 and 9 summarize the  
performance of t h e  NASA-MSC-provided samples,  and Figures  10 and 11 
summarize the  performance of composite samples provided by NASA-MSC and 
ADL . 
A t  t he  "no load" condition, t he  sample rests under its own weight 
i n  t h e  thermal conductance apparatus.  
loads within the  sample which r e s u l t  from the  sample's own weight. 
the case of t h e  samples under lunar  nighttime condi t ions (Figures 6 ,  8, 
and l o ) ,  t he  range of t h e  self-compression load i n  the  sample i s  deter-  
mined from the  weight of the  sample divided by its area, the  maximum, 
and one-half of t h e  weight of t he  sample divided by i t s  area, t h e  minimum. 
For t h e  samples a t  luna r  daytime conditions (Figures 7 ,  9, and 11) ,  t he  
range of self-compression load is  determined from the  sum of t h e  weights 
of t h e  two samples and the  midplane measuring d i s c  divided by t h e  sample 
area, t h e  maximum, and the  sum of one sample weight and the  midplane 
temperature measuring d i s c  divided by the  sample area, the  minimum. 
W e  accounted for the  compressive 
I n  
Of p a r t i c u l a r  i n t e r e s t  t o  t h i s  program are t h e  thermal conductances 
of samples a t  the  no-load condi t ion and a t  a compressive load of  1.0 ps i .  
I n  normal operat ion,  t h e  i n s u l a t i o n  i n  an as t ronau t ' s  space s u i t  w i l l  be  
under minimum compression, p a r t i c u l a r l y  i n  o r b i t ,  where there  is  no 
g rav i ty .  For lunar  operat ions,  t h e  weight-induced compressive load w i l l  
be only one-sixth that on ea r th .  
loads i n  excess of  1.0 p s i  can be sustained i n  a space s u i t  layup. 
i s o l a t e d  circumstances i t  may be poss ib le  t o  achieve high compressive 
loads (up t o  15 p s i )  when the  as t ronaut  is leaning on h i s  elbow o r  is  
down on h i s  knees, bu t  these are considered t r a n s i e n t  conditions.  
It is hard t o  v i s u a l i z e  how compressive 
I n  
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Although t h e  d a t a  were obtained a t  compressive loads from no-load t o  
15 p s i ,  our d i scuss ion  is  focused on t h e  performance a t  no-load and a t  
1.0 p s i  compression. 
1. 
I n  reviewing a l l  of t h e  d a t a  (Figures 7-11), we f i n d  t h a t  t h e  
Observations Concerning All Samples Tested 
measured conductance of sample MSC-01 (Figures 8 and 9)  i s  probably i n  
e r r o r  f o r  a l l  compressive loads.  
t e s t e d  i n  t h i s  program,and w e  found during t h e  eva lua t ion  of t he  second 
sample t h a t  t h e r e  w a s  a p a r t  missing from t h e  hydraul ic  ram used f o r  
applying compressive loads above 0.1 p s i .  
t h e  second sample w a s  t e s t ed .  It is  believed t h a t  a t  compressive loads 
above 0.1 p s i ,  sample MSC-01 should have conductance s i m i l a r  t o  sample 
Sample MSC-01 w a s  t h e  f i r s t  sample 
This p a r t  w a s  replaced when 
MSC-05. 
The no-load conductance f o r  sample ADL-01 is higher by a f a c t o r  of 
4 t o  5 than would be expected on t h e  b a s i s  of t h e  r a d i a t i o n  s h i e l d  
emittance. 
on one s i d e  only. 
t r a n s f e r  through s h i e l d s  which have vapor-deposited aluminum on one s i d e  
should be t w i c e  t h e  conductance f o r  s h i e l d s  which have vapor-deposited 
aluminum on both s i d e s .  By comparing ADL-01 (single-aluminized) wi th  
MSC-07 (double-aluminized) , w e  observe a tenfo ld  increase  i n  the  conduct- 
ance when single-aluminized s i d e s  are s u b s t i t u t e d  f o r  double-aluminized 
s ides .  W e  are unable  t o  explain why t h e  no-load conductance is so high 
f o r  sample ADL-01 wi th  single-aluminized r a d i a t i o n  s h i e l d s  and the re fo re  
must d i s c r e d i t  t h e  measurements a t  no-load f o r  ADL-01. 
ADL-01 had r a d i a t i o n  s h i e l d s  wi th  vapor-deposited aluminum 
The t h e o r e t i c a l  conductance based on r a d i a t i o n  h e a t  
a. Conductance a t  No-Load--Cold Conditions 
The no-load conductances f o r  t h e  cold conditions (70"to -250'F) are 
shown on Figures 6 and 8. 
double-gold-coated r a d i a t i o n  s h i e l d s  (exc lus ive  of composite o r  laminated 
r a d i a t i o n  s h i e l d s  and spacers) have thermal conductances ranging from 
0.0012 t o  0.003 Btu/sq f t  hr°F i r r e s p e c t i v e  of t he  type of spacer mater- 
i a l  used between r a d i a t i o n  s h i e l d s .  
All of t h e  samples wi th  double-aluminized o r  
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T h e  samples with composite o r  laminated r a d i a t i o n  s h i e l d s  and spacers  
(Figure 10) have conductances ranging from 0.0024 t o  0.0045 Btu/sq f t  
hr°F, which are higher than those f o r  s epa ra t e  sh i e ld  and spacer  insu la-  
t ions.  Of t h e  laminated i n s u l a t i o n s ,  samples MSC-02 and MSC-03 had 
adhesive spread on one s i d e  of t h e  r a d i a t i o n  s h i e l d  (thereby increas ing  
its emittance) p r i o r  t o  being laminated t o  t h e  spacer. 
s l i g h t l y  higher no-load conductances than laminated sample ADL-02, where 
care w a s  taken t o  apply t h e  adhesive only a t  t h e  po in t s  where t h e  spacer 
contacted t h e  r a d i a t i o n  shield.  
They e x h i b i t  
b. Conductance a t  No-Load--Warm Conditions 
The no-load conductances f o r  t he  warm condi t ion  ( 7 0  t o  300OF) are 
summarized i n  Figures 7 ,  9,  and 11. With the exception of sample ADL- 
0 7 ,  i n  which t h e  r a d i a t i o n  s h i e l d s  and spacers adhered during t h e  test ,  
t h e  conductance of t h e  i n s u l a t i o n s  with double-aluminized, double- 
aluminized wi th  germanium overcoating, o r  double-gold-coated r a d i a t i o n  
s h i e l d s  ranges from 0.0044 t o  0.0082 Btu/sq f t  hr°F. The conductances 
of t h e  composite sample (ADL-03) and the  t h r e e  laminate r a d i a t i o n  s h i e l d  
and spacer  samples (MSC-02, MSC-03 and ADL-02 on Figure 11) range from 
0.008 t o  0.018 Btu/sq f t  hr°F. 
made from composite o r  laminates w i l l  have no-load conductances t h a t  are 
almost twice those of space s u i t  i n s u l a t i o n s  which use  double-aluminized 
o r  double-gold-coated r a d i a t i o n  sh ie lds  and loose  spacer materials. 
Consequently, space s u i t  i n s u l a t i o n s  
c. Conductance a t  1.0 psi--Cold Conditions 
For t h e  cold conditions (Figures 6 ,  8 and 10) , t h e  i n s u l a t i o n s  
which used 0.030-inch-thick open-cell polyurethane foam spacers have 
conductances ranging from 0.06 t o  0.08 (see samples ADL-04, ADL-05, 
and ADL-09 on Figure 6 ) .  
marquise t te  spacer adhered t o  each r a d i a t i o n  s h i e l d  and an add i t iona l  
loose Beta marquise t te  spacer between has about t h e  same conductance 
(0 .074  Btu/sq f t  hr°F) f o r  t h e  same conditions.  
Sample MSC-03 (Figure 10) wi th  one Beta 
Sample MSC-08 with mul t ip l e  spacers of Stevens S t y l e  104 material 
has about t h e  same conductance as t h e  in su la t ions  which have s i n g l e  
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spacers  of Beta marquise t te ,  as can be  seen by comparing sample MSC-08 
(Figure 8) wi th  samples MSC-06 and MSC-05 (Figure 8) and samples ADL-08 
and ADL-06 (Figure 6) ,  and samples ADL-02 and MSC-02 (Figure 10). The 
conductance of a l l  of these  samples are approximately 0.1 Btu/sq f t  
hr°F. From these  da t a ,  t h e  multiple-spacer concept w a s  developed. 
d.  Conductance a t  1.0 psi--Warm Conditions 
For the  warm conditions (Figures 7 ,  9 ,  and 11) , sample MSC-03 
(Figure 11) has a conductance of 0.15 Btu/sq f t  hr°F. 
low conductance r e s u l t s  from t h e  added thermal r e s i s t a n c e  of two spacers 
between each r a d i a t i o n  s h i e l d  (one spacer w a s  laminated to  the  s h i e l d  
and t h e  second w a s  loose) .  This sample had more spacer material between 
each r a d i a t i o n  s h i e l d  than any o the r  sample t e s t e d  and it w a s  t h e  
heav ie s t .  The e x t r a  l a y e r s  provide more contac t  r e s i s t a n c e  and more 
conduction r e s i s t a n c e  t o  h e a t  flow than i n  a similar sample wi th  only 
one spacer.  Samples ADL-04, ADL-05, and ADL-09 with foam spacers  a l l  
have a conductance of 0.2 Btu/sq f t  hr°F. 
W e  be l i eve  t h i s  
Samples with s i n g l e  loose  Beta marquise t te  spacers have conductances 
i n  the  range 
on Figure 7 ;  and MSC-05 and MSC-06 on Figure 9) .  Samples MSC-02 and 
ADL-02 (Figure 11) with s i n g l e  Beta marquiset te  spacers bonded t o  t h e  
r a d i a t i o n  s h i e l d  have a conductance of 0.2 Btu/sq f t  hr°F. This r e s u l t  
i s  anomalous; one would expect t h a t  by bonding the  spacer t o  t h e  radia- 
t i o n  s h i e l d ,  t h e  poin t  contac t  r e s i s t a n c e  would decrease,  thereby in- 
creasing t h e  conductance compared t o  samples where t h e  s h i e l d  and spacer 
are not  bonded. Ins tead ,  w e  found a decrease i n  conductance when t h e  
spacer w a s  bonded t o  the  sh i e ld .  
of 0.3 t o  0.4 Btu/sq f t  hr°F (samples ADL-06 and ADL-08 
2. Observations Concerning Samples Developed During t h e  Program 
The thermal performance of samples developed during t h e  program are 
presented i n  Figures 6 and 7. 
ADL-05, ADL-06, and ADL-07) were subjected f i r s t  t o  10,000 cycles of 
wear before t h e  conductance was  measured. Of these  four samples t e s t e d ,  
I n  t h i s  group of samples,  four (ADL-04, 
unworn materials from two w e r e  s e l ec t ed  f o r  t e s t i n g  a f t e r  wear (ADL-08 
and ADL-09). These samples had r a d i a t i o n  s h i e l d s  of 0.5-mil Kapton 
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with  800 A of aluminum and 500 A of germanium on both s i d e s  and e i t h e r  
f l e x i b l e  polyurethane foam spacers  o r  S ty l e  2530 Beta marquiset te  spacers .  
By comparing t h e  performance of sample ADL-05 and ADL-09 on both Figures  
6 and 7 ,  we can see t h e  e f f e c t  of wear when f l e x i b l e  polyurethane foam 
spacers  are used. 
ance a t  t h e  no-load condi t ion,  we  can see l i t t l e  o r  no d i f f e rence  be- 
tween t h e  two samples (worn and unworn) at  compressive loadings g rea t e r  
a t  0.1 p s i .  
Although w e  can d e t e c t  a s m a l l  d i f f e rence  i n  conduct- 
By comparing samples ADL-06 and ADL-08, w e  can see t h e  e f f e c t  of 
w e a r  on samples which u s e  germanium-overcoated double-aluminized 0.5-mil 
Kapton r a d i a t i o n  s h i e l d s  and S t y l e  2530 Beta marquise t te  spacers .  
t h i s  ins tance ,  w e  can see s l i g h t  degradation of t he  i n s u l a t i o n  f o r  both 
lunar  night t ime and daytime condi t ions a t  a l l  compressive loads. 
I n  
Sample ADL-07 performed poorly. Although t h e  no-load conductance 
f o r  lunar  night t ime condi t ions w a s  low (Figure 6 ) ,  a t  t h e  higher com- 
pression f o r  both t h e  cold and t h e  warm condi t ions,  i t s  conductance 
w a s  extremely high. Examination of t h e  sample a f t e r  tests revealed t h a t  
t h e  i n s u l a t i o n  f a i l e d  because t h e  Ultrathene epoxy used t o  s t a b i l i z e  the  
spacer  material adhered t i g h t l y  t o  t h e  r a d i a t i o n  s h i e l d s  and formed a 
s o l i d  m a s s .  
3 .  
The thermal conductance o f  samples suppl ied by NASA-MSC are summarized 
i n  Figures8 and 9. The performance f o r  t h e  i n s u l a t i o n  under lunar  night-  
t i m e  condi t ions is presented i n  Figure 8 and f o r  lunar  daytime condi t ions 
i n  Figure 9 .  
i n su la t ions  which were ou t s ide  of t h e  scope of t h e  bas i c  contract .  
Supplemental Samples Provided by NASA-MSC 
The purpose of t hese  supplemental samples w a s  t o  eva lua te  
I n  t h i s  group of samples, a l l  of t h e  r a d i a t i o n  sh ie lds  had good low- 
emittance coat ings on both sur faces  of t h e  r a d i a t i o n  sh ie lds  and t h e  
in su la t ions  had t h e  lowest no-load conductances o f  a l l  samples t e s t ed  
i n  t h e  program. 
Samples MSC-04 and MSC-08 w e r e  f ab r i ca t ed  and t e s t e d  t o  develop 
t h e  mul t ip l e  space concept. Both samples used t h r e e  spacers  of S ty l e  104 
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scrim between each r a d i a t i o n  s h i e l d .  
coated 0.5-mil polyimide r a d i a t i o n  s h i e l d s  and MSC-08 used vapor-deposited 
aluminum coat ings  on t h e  same subs t r a t e .  
MSC-04 used liquid-bright-gold- 
For t h e  boundary temperatures 300" t o  70°F and no compressive load, 
MSC-08 had a conductance of 0.006 Btu/sq f t  hr°F and MSC-04 had a con- 
ductance of 0.0046 Btu/sq f t  hr"F, which w a s  almost t he  lowest conduct- 
ance of a l l  samples t e s t e d  i n  t h e  program. 
1.0 p s i  f o r  the same boundary temperatures, both MSC-04 and MSC-08 had 
a conductance i n  t h e  range between 0.2 and 0.25 Btu/sq f t  hr"F. 
sample MSC-03 had a lower conductance (0.16 Btu/sq f t  hr"F) f o r  t he  
same boundary temperatures and loading. 
A t  a compressive load of 
O n l y  
Fcr t h e  boundary temperatures 70 t o  -250°F and no compressive load, 
MSC-04 and MSC-08 had almost i d e n t i c a l  conductances of 0.0014 Btu/sq f t  
hr"F. 
ance (0.0012 Btu/sq S t  hr"F) and t h e  d i f fe rence  we do no t  consider 
s i g n i f i c a n t .  
of 0.08 Btu/sq f t hr"F , which w a s  lower than t h e  conductance of 0.10 
Btu/sq f t  hr"F f o r  MSC-08. 
ductance (0.07 Btu/sq f t  hr"F) f o r  t h e  same boundary temperatures and 
loading. 
Only two samples, MSC-06 and MSC-07, had a lower no-load conduct- 
A t  a compressive load of 1.0 p s i ,  MSC-04 had a conductance 
Again, only sample MSC-03 had a lower con- 
These d a t a  i n d i c a t e  t h a t  by using m u l t i p l e  spacers, some improve- 
ment can be expected over t h e  load-carrying a b i l i t y  of i n s u l a t i o n s  with 
s i n g l e  spacers. 
4. Laminate and Composite Shield and Spacer Samples 
The thermal conductance of samples of laminate and composite radia- 
t i o n  s h i e l d  and spacers  provided by both NASA-MSC and ADL are summarized 
i n  Figures 10 and 11. 
In  t h i s  series of tests, th ree  of t h e  samples, MSC-02, MSC-OS, and 
ADL-02, had a spacer of Beta marquise t te  bonded t o  the  r a d i a t i o n  s h i e l d  
on one s ide.  
spacer i n  add i t ion  t o  the laminate. MSC-03 exhib i ted  t h e  lowest con- 
ductance a t  increased  compressive loads of a l l  samples t e s t ed ;  however, 
One of t hese  samples, MSC-03, had one e x t r a  Beta marquise t te  
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it  is  t h e  heavies t  sample t e s t e d  (47.1 oz/sq yd). 
of t h i s  low conductance a t  h igh  compressive loads t h a t  samples MSC-08 
and MSC-04 ( see  Figures 8 and 9) were prepared with mul t ip l e  spacers 
between each r a d i a t i o n  sh ie ld .  
It w a s  on t h e  b a s i s  
Sample ADL-03 i s  an experimental composite r a d i a t i o n  s h i e l d  spacer 
(see Sect ion  111 and Figure  2).  It has t h e  lowest no-load conductance 
of t h e  fou r  samples t e s t e d  i n  t h i s  series f o r  both t h e  luna r  nighttime 
and daytime conditions.  
s u i t  i n s u l a t i o n  and w e  consider i t  unsui tab le  f o r  f u r t h e r  development. 
However, i t  is  no t  f l e x i b l e  enough f o r  a space 
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V. THERMAL MICROMETEOROID GAWENT ANALYSIS 
Minor f a i l u r e s  have occurred i n  t h e  insu la t ions  of as t ronaut  thermal 
micrometeoroid garments. Most of the  reported f a i l u r e s  have been mech- 
an ica l ,  induced by t h e  garment f ab r i ca t ion  techniques. W e  analyzed the  
in su la t ion  assembly techniques, garment f ab r i ca t ion  techniques, and 
reported f a i l u r e s  t o  determine t h e  probable causes of f a i l u r e s .  On 
t h e  bas i s  of t h i s  ana lys i s  w e  have recommended t h a t  the  in su la t ion  hang 
loosely on the  garment, only t h e  inner  layer  of t h e  garment be load- 
bearing, t h e  mul t i layer  i n su la t ion  have one more spacer than t h e  number 
of r ad ia t ion  sh ie lds ,  t he  rad ia t ion  sh ie lds  terminate no c loser  than 
0.5 inch t o  seams, and the  spacer layers  be f i rmly  anchored i n  t h e  seams. 
A. REPORTED FAILURES I N  SPACE SUIT INSULATIONS 
During discussions with personnel from NASA-MSC ea r ly  i n  the  pro- 
gram, w e  were t o l d  of two f a i l u r e s  which have occurred i n  space s u i t  
insu la t ion  layups. Eugene Cernan, during h i s  two-hour extravehicular  
mission i n  the  Gemini I X  f l i g h t ,  (5) experienced minor thermal discomfort 
on an area of h i s  back when p a r t  of t he  mul t i layer  i n su la t ion  separated 
i n  t h e  seam where t h e  overgarment a t tached t o  pressure layers  of h i s  
space s u i t .  P o s t f l i g h t  photographs of t h i s  i n su la t ion  layup showed t h a t  
t h e  r a d i a t i o n  s h i e l d s  had separated from a length of seam where t h e  over- 
garment a t tached t o  h i s  space s u i t .  From the  photographs, i t  looked as 
i f  t h e  ex te rna l  l aye r s  of t h e  overgarment s t r e t ched  s l i g h t l y  and the  
r ad ia t ion  sh ie lds  and t h e i r  spacers  did not  s t r e t c h ,  but pul led out  a t  
t h e  seam; 
We subsequently dismembered a similar type of overgarment and found 
t h a t  t h e  r ad ia t ion  sh ie lds  and spacers w e r e  a l l  f i rmly  anchored i n  a l l  
seams of t h e  garment. Since the  r ad ia t ion  sh ie lds  (aluminized Mylar) 
have very low tear s t rength  (pa r t i cu la r ly  when pierced many times with 
a sewing machine needle) , t h e  f a i l u r e  w a s  judged t o  be comparable t o  
the  ac t ion  of a paper t h a t  is torn  along a perforated l i n e .  
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Although extremely tough, Mylar f i lms are notch-sensit ive,  so any 
notches allow tears t o  propagate very e a s i l y .  Because dynamic cycling 
phys ica l ly  d i s t u r b s  t h e  mechanical i n t e g r i t y  of the i n s u l a t i o n  l a y e r ,  
t ea r ing  of t h e  r a d i a t i o n  s h i e l d s  n a t u r a l l y  occurs a t  the  weakest points-- 
i n  t h e  v i c i n i t y  of t h e  seams. The r e s u l t i n g  gaps i n  t h e  r a d i a t i o n  
s h i e l d  l a y e r s  cause some l o s s  of i n s u l a t i o n  p r o p e r t i e s  of the garment. 
A second type  of i n s u l a t i o n  f a i l u r e ,  repor ted  t o  us  v e r b a l l y  by 
NASA-MSC, involved the degradat ion of t he  vapor-deposited sur faces  of 
t h e  r a d i a t i o n  s h i e l d s  used i n  t h e  in su la t ion .  I n  tests a t  NASA-MSC, 
a complete layup of t h e  Gemini space s u i t  i n s u l a t i o n  and pressure  gar- 
ment was  made i n  t h e  shape of a circle. 
i n f l a t e d  so  t h a t  t h e  u n i t  assumed the  shape of a dome. The Nomex l aye r s  
of two such i n f l a t e d  domes were placed i n  contact and under s l i g h t  com- 
pression. 
t h e  o u t e r  Nomex l a y e r s  wore through. 
t h a t  t h e  vapor-deposited aluminum on t h e  Mylar f i lm  had been badly worn 
away. I n  t h i s  p a r t i c u l a r  layup, t h e  spacer w a s  NRC nonwoven Dacron b a t t .  
Because no f l ex ing  w a s  involved i n  t h i s  test, the  mechanism of aluminum 
loss from t h e  su r face  w a s  c l e a r l y  by abrasion of t h e  aluminum aga ins t  
t h e  Dacron b a t t .  
vapor-deposited aluminum surf aces t o  w e a r ,  thereby making t h e  i n i t i a l l y  
highly r e f l e c t i v e  surf  aces highly absorbing. The hea t  flow through t h e  
i n s u l a t i o n  would be expected t o  g r e a t l y  increase,  p a r t i c u l a r l y  a t  the  
no-load condition. 
The inner  bladder l a y e r  w a s  
The dome l a y e r s  w e r e  then rubbed aga ins t  each o the r  u n t i l  
Upon d isassanbly ,  i t  w a s  found 
Dynamic cycling of t h e  aluminized Mylar caused t h e  
Our experience with aluminized polyes te r  f i l m  (Mylar) i n d i c a t e s  
t h a t  dampness can a l s o  s e r i o u s l y  degrade t h e  emittance aluminum sur faces .  
I n  a study f o r  NASA/Lewis Research Laboratories,  (3) w e  subjected samples 
of po lyes t e r  f i l m  t o  95% relative humidity a t  95OF f o r  100 hours. 
10-hour i n t e r v a l s  the samples were removed from t h i s  environment and t h e  
su r face  emittance measured. The base material, with approximately 500 A 
vapor-deposi ted aluminum, had an emittance of 0.025. L i t t l e  degradat ion 
of t h i s  emittance w a s  noted f o r  samples removed during t h e  f i r s t  50 hours. 
However, a f t e r  50 hours t h e  aluminum su r face  degraded r ap id ly ,  reaching 




a va lue  of 0.25 a t  100 hours. 
The aluminized material w a s  glazed over wi th  a cloudy material, 
which w e  be l i eve  w a s  low-grade aluminum oxide. Although t h i s  type of 
degradation has n o t  been repor ted  i n  space s u i t  i n s u l a t i o n s ,  it is  a 
p o t e n t i a l  area of d i f f i c u l t y ;  t he re fo re ,  t h e  aluminized r a d i a t i o n  s h i e l d  
used i n  space s u i t s  should be  s to red  i n  low-humidity areas p r i o r  t o  
cons t ruc t ion ,  and once t h e  space s u i t  is  completed, t he  uni.t should a l s o  
be s t o r e d  i n  a low-humidity environment to  keep t h e  r a d i a t i o n  s h i e l d s  
from degrading. 
B . CONSTRUCTION DETAILS I N  GEMINI  SPACE SUIT INSULATIONS 
I n  t h e  Gemini-type of overgarment which we dismembered, we found 
t h a t  a l l  of t h e  i n t e r n a l  j o i n t s  i n  both r a d i a t i o n  sh ie ld% and spacers  
w e r e  made wi th  pressure-sens i t ive  aluminized tape. These taped seams 
w e r e  one on top of t he  other .  The pressure-sens i t ive  adhesive 
b led  through t h e  t h i n  Dacron b a t t  spacer l a y e r s  and caused the  taped 
seam t o  adhere t o  t h e  r a d i a t i o n  s h i e l d  immediately below. 
s u l t  of t h i s  seaming technique w a s  t h a t  a l l  the spacers and s h i e l d s  
w e r e  s tuck  toge ther ,  making a thermal. s h o r t  c i r c u i t  through t h e  insu la-  
t i o n  layup. 
The n e t  re- 
The overgarment i n s u l a t i o n  l a y e r s  were applied one a t  a time, 
a l t e r n a t i n g  spacers and r a d i a t i o n  s h i e l d s ,  a cons t ruc t ion  technique 
similar t o  gene ra l ly  accepted cryogenic mul t i l aye r  i n su la t ing  techniques. 
This technique should y i e l d  an e f f e c t i v e  garment. 
The r a d i a t i o n  s h i e l d s  and spacers  extended i n t o  t h e  seams and 
pene t r a t ions  of t h e  garment, where they w e r e  t i g h t l y  stitched--an un- 
d e s i r a b l e  cons t ruc t ion  technique because of t h e  r e s u l t i n g  thermal s h o r t  
c i r c u i t s  through the  i n s u l a t i o n  when t h e  l a y e r s  are t i g h t l y  compressed. 
In  add i t ion ,  both t h e  o u t e r  and inner l a y e r s  of t h i s  overgarment w e r e  
load-bearing members and, as such, t h e  i n s u l a t i o n  w a s  sub jec t  t o  com- 
press ion  and tearing-out a t  t he  seams. 
The l a r g e s t  d i f f i c u l t y  wi th  t h i s  space s u i t  layup w a s  t h a t  t h e  
r a d i a t i o n  s h i e l d s  and spacers w e r e  a l l  f i rmly  anchored i n  t h e  seams 
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and pene t r a t ions ,  thus  allowing t h e  sho r t  c i r c u i t  of hea t  through these 
seams and penet ra t ions .  I n  add i t ion ,  i f  t h e  ou te r  l a y e r s  of t h e  space 
s u i t  were s t r e s s e d  during normal a c t i v i t y ,  t h e  r a d i a t i o n  s h i e l d s  o f t e n  
would p u l l  ou t  of t h e  seam along t h e  pe r fo ra t ions  caused by t h e  s t i t c h -  
ing. I n  e f f e c t  , t h e  i n s u l a t i o n  l a y e r s  were load-bearing . 
C. ASSEMBLY TECHNIQUES 
1. Techniques Used i n  Cryogenic Mul t i layer  I n s u l a t i o n  
I n  t h e  app l i ca t ion  of mul t i l aye r  i n s u l a t i o n  t o  cryogenic tanks and 
spacec ra f t ,  i t  i s  important t o  keep the i n s u l a t i o n  as loose as poss ib l e ,  
s u b j e c t  i t  t o  a minimum of compressive loads during app l i ca t ion ,  and 
prevent each r a d i a t i o n  s h i e l d  from touching t h e  s h i e l d  i n  the  l a y e r  above 
o r  below it. 
Each r a d i a t i o n  s h i e l d  as i t  is applied i s  held t o  i t s e l f  by pressure- 
s e n s i t i v e  tape capable of withstanding t h e  temperatures t o  which t h e  
i n s u l a t i o n  is  subjected.  Seams i n  each spacer l a y e r  ( i n  t h i s  case, open- 
mesh b r i d a l  v e i l  material) are loose ly  s t i t c h e d  with nylon thread. 
overlapping of t h e  spacers is  allowed a t  each seam t o  make s t i t c h i n g  
easier. A s  t h e  layup of t h e  i n s u l a t i o n  progresses,  i t  i s  t h e  p r a c t i c e  
t o  apply a temporary spacer (made from b l o t t e r  paper o r  f l e x i b l e  card- 
board) immediately before applying t h e  r a d i a t i o n  s h i e l d  spacer.  When t h e  
layup is  complete, t h e  temporary spacers are removed, thereby insur ing  
t h a t  t h e r e  i s  uniform spacing and tension on each spacer layer .  
S l i g h t  
This spacer app l i ca t ion  technique i s  necessary f o r  mul t i layer  insula- 
t i o n s  used on cryogenic tanks because the  extremely low temperatures 
cause spacer materials t o  sh r ink ,  thereby inducing compressive loads i n  
t h e  in su la t ion .  This temperature-induced compression i n  the  i n s u l a t i o n  
is not  considered a problem i n  space s u i t  i n su la t ions .  However, i t  does 
poin t  up t h e  need t o  prevent  t h e  appl ica t ion  of unnecessary compressive 
loads during t h e  i n s u l a t i o n  layup procedure. 
All of t h e  conductance da ta  (Section IV) i n d i c a t e  t h a t  very low 
thermal conductance can be  achieved i n  space s u i t  i n s u l a t i o n s ,  provided 
t h e r e  are minimum compressive loads.  Therefore, an  important goal of a l l  
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garment f ab r i ca t ion  techniques should be to  minimize the  compressive 
loads on t h e  insu la t ion .  
possible  on t h e  extravehicular  garment and allow t h e  i n t e r n a l  layer  of 
t h e  garment t o  be the  load-bearing member--this being the  design goa l  we  
have u t i l i z e d  i n  se l ec t ing  prefer red  techniques f o r  applying mult i layer  
i n su la t ions  to  extravehicular  garments. 
The in su la t ion  should hang as loosely as 
2. Preferred Assembly Techniques f o r  Space S u i t s  
I n  se l ec t ing  preferred techniques f o r  assembling an ex t ravehicu lar  
thermal and micrometeoroid pro tec t ion  garment, w e  assume t h a t  t he  garment 
w i l l  use a l l  of t h e  bas i c  l aye r s  which were used i n  t h e  measurement of 
conductance of t h e  space s u i t  insu la t ion :  i.e., two tightly-woven Beta 
f ibe rg la s s  layers  on the  outs ide  f o r  abrasion and f i r e  pro tec t ion ,  an 
in su la t ion  layup of a l t e rna t ing  r ad ia t ion  sh ie lds  and open-mesh f ibe r -  
g l a s s  spacers ,  and two inner  bladder l aye r s  which serve as micrometeoroid 
pro tec t ion  and as a s t r u c t u r a l  bas i s .  The inner  bladder layers  of the  
garment w i l l  be  t h e  load-bearing members of t he  garment. The ex te rna l  
pro tec t ion  l a y e r s  ( t i g h t l y  woven Beta f ibe rg la s s  l aye r s )  w i l l  l i g h t l y  
hold t h e  in su la t ion  layers  i n  place.  
Figure 1 2  i nd ica t e s  t h e  recommended edge-seaming technique. The 
in su la t ion  l aye r s  shown cons is t  of a l t e rna t ing  r ad ia t ion  s h i e l d s  and 
f i b e r g l a s s  spacers ( typ ica l ly  Stevens S ty l e  2530). The r ad ia t ion  sh ie lds  
should s top  j u s t  s h o r t  of t he  edge seam. The s h i e l d  spacers are car r ied  
i n t o  the  edge seam and are anchored by f i rm,  t i g h t  s t i t c h e s .  The ex te rna l  
Beta f ibe rg la s s  l aye r s  are carried around t h e  end of t he  in su la t ion  f o r  
flame pro tec t ion  i n  the  event of f i r e .  The seam s t i t c h e s  are made with 
double threads,  one of Nomex and one of Beta f ibe rg la s s .  
thread provides good s t rength  a t  normal operating conditions and the  
The Nomex 
Beta f i b e r g l a s s  thread provides pro tec t ion  i n  t h e  event of f i r e  t h a t  might 
destroy the  Nomex thread. I f  t h e  r ad ia t ion  sh ie lds  should migrate away 
from t h e  seam during normal w e a r ,  a s m a l l  amount of adhesive can be 
appl ied t o  t h e  i n t e r f a c e  between each r ad ia t ion  sh ie ld  and i t s  next  spacer 
t o  anchor t h e  spacer. Care should be  taken i n  t h i s  procedure not  t o  
allow the  r ad ia t ion  s h i e l d  t o  be adhered to  both adjacent  spacers;  i t  
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Outer fiberglass layers (2) 
/ 
Full-width fiberglass 
fabric spacers, but 
radiation shields stop 
short of the seam stitches 
Tight stitches 
layers (2) / 
Multilayer insulation 
comprising radiation shields 
and fiberglass spacers 
Source: Arthur D. Little, Inc. 
FIGURE 12 RECOMMENDED EDGE SEAM 
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should be adhered t o  only one spacer. 
An a l t e r n a t i v e  edge seam f o r  an in su la t ion  which u t i l i z e s  open-mesh 
f i b e r g l a s s  spacers  is  shown schematically i n  Figure 13. 
be use fu l  i n  areas where considerable stress may be placed upon t h e  
in su la t ion  layer  due t o  the normal a c t i v i t y .  I n  t h i s  seam, t h e  r ad ia t ion  
sh ie lds  again end approximately 0.5 inch from the  edge of t he  seam. The 
edges of t h e  spacers  are at tached t o  th in  open-cell polyurethane foam 
l aye r s  which, i n  tu rn ,  adhere t o  t h e  r ad ia t ion  sh ie lds .  Again, t i g h t  
s t i t c h e s  are made through the  edge of t h e  seam, thereby f i rmly anchoring 
the  foam and spacer materials, b u t  not  penetrat ing t h e  r a d i a t i o n  shields .  
Dual-purpose thread i s  a l so  used i n  t h i s  seam. 
This seam w i l l  
A load-bearing edge seam i s  shown schematically i n  Figure 14 .  I n  
t h i s  seam, the  i n t e r n a l  bladder-cloth l aye r s  are load-bearing and, as 
such, are f i rmly s t i t ched  one t o  another. Through ca re fu l  seaming tech- 
niques,  i t  is poss ib le  to  anchor the  ex te rna l  l aye r s  i n  t h e  bladder c l o t h  
layers  and then t o  wrap t h e  seam loosely over t h e  outs ide of t h e  insula-  
t i on  and anchor i t  with a s i n g l e  s t i t c h  as shown i n  Figure 14. 
t h e  r a d i a t i o n  s h i e l d s  end approximately 0.S inch before  t h e  edge of t he  
s e a m  . 
Again, 
Edge seams arc shown i n  Figure 15 f o r  i n su la t ions  which use foam 
spacers  between the  r a d i a t i o n  sh ie lds ,  which end approximately 0.5 inch 
s h o r t  of t h e  edge of t he  seam. The r ad ia t ion  sh ie ld  can be cemented t o  
t h e  spacers i f  t he  migration of sh i e lds  i s  a problem. 
For areas i n  the  garment where i t  w i l l  be  necessary t o  anchor the  
in su la t ion  and t h e  inner  and outer  layers ,  t he  t u f t i n g  technique shown 
in  Figure 1 6  can be used. 
r ad ia t ion  sh ie ld )  are added t o  t h e  r a d i a t i o n  s h i e l d  i n  t h e  area where 
t h e  t u f t  is  t o  be placed. 
I n  t h i s  technique, foam l aye r s  (one f o r  each 
Medium-tight s t i t c h e s  are drawn through t h i s  s tack  of r ad ia t ion  
sh ie lds ,  spacers ,  and t h i n  open-cell foam spacers.  A ceramic button on 
t h e  outs ide  and an epoxy f ibe rg la s s  but ton on the  ins ide  of t he  garment 
are required t o  d i s t r i b u t e  the  compressive load induced by t h e  s t i t c h e s .  
A rule of thumb i n  making a t u f t  of t h i s  type through mul t i layer  insula-  
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0.5 in. I /Tight Stitches Ful I-width fiberglass 
fabric spacers, but 
radiation shields stop 
short of the seam stitches 
Y 
Foam layers 
(one for each 
radiation shield) 
Shields cemented to foam spacers 
in this area 
Source: Arthur D. Little, Inc. 
FIGURE 13 ALTERNATIVE EDGE SEAM FOR FIBERGLASS SPACERS 
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Loose Stitches 1
Insulation Comprising 
Radiation Shields and 
Fiberglass Spacers 
Fu I I -wi dth f i berg1 ass 
Fabric Spacers, but 
Radiation Shields Stop 
Short of the Seam Stitches 
Tight - v 4  
Stitches Bladder-cloth Layers 
are Load-Bearing 
Source: Arthur D. Little, Inc. 
FIGURE 14 LOAD-BEARING EDGE SEAM 
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1 Loose Stitch 
F u I I-width Spacers 
and Radiation Shields 




Source: Arthur D. Little, Inc. 
FIGURE 15 EDGE SEAMS FOR FOAM SPACERS 
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Source: Arthur D. Little, Inc. 
FIGURE 16 BUTTON-TUFT FOR INSULATION STABILIZATION 
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t i ons  is  t o  compress t h e  foam u n t i l  t h e  o v e r a l l  i n s u l a t i o n  l aye r  i s  as 
t h i c k  as i t  was  without t h e  foam. 
by adding a Beta f i b e r g l a s s  pa tch  on t h e  o u t s i d e  and a bladder-cloth 
patch on t h e  i n s i d e  to  prevent snagging and g ive  t h e  garment a smooth 
sur face .  
(See Figure 16.) The t u f t  is completed 
A recammended overlap type  of c losu re ,  shown schematically i n  
Figure 1 7 ,  embodies many of t h e  design f e a t u r e s  a l ready  discussed. 
inner bladder l a y e r s  of t h e  garment are load-bearing. The zipper used 
f o r  s t r u c t u r a l l y  closing t h e  garment is firmly anchored i n  the  bladder 
l aye r s .  
hold t h e  i n s u l a t i o n  l aye r s  i n  p lace  on t h e  ou t s ide  of t h e  garment. An 
overlap of i n s u l a t i o n  of a t  least two inches is  necessary t o  minimize 
h e a t  migrat ion e i t h e r  i n  o r  ou t  through the  overlap.  
va l en t )  type of seal wi th  a s u i t a b l e  edge f o r  grasping during ac tua t ion  
completes the  overlap closure.  
The 
The ou te r  double l aye r  of Beta f i b e r g l a s s  i s  used t o  loose ly  
A Velcro (or  equi- 
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Radiation Shields and 
Fiberglass Spacers 
Double Layer of 
Bladder Cloth 
Structural Load is Carried 
by the Two Inner Bladder Layers 
Source: Arthur D. Little, Inc. 
FIGURE 17 RECOMMENDED CLOSURE 
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V I .  MEASUREMENTS OF HEAT FLOW I N  A TEST SECTION OF 
AN EXPERIMENTAL THERMAL MICROMETEOROID GARMENT 
Thermal and d u r a b i l i t y  eva lua t ions  of experimental, development, 
and f l i gh t -qua l i t y  thermal micrometeoroid garments are expensive and 
time-consuming when complete garments are used. 
r ap id ly  evaluating garment subsystems i n  simulated space and lunar  environ- 
ments w a s  des i r ab le ,  w e  developed a f lex ing  elbow calorimeter f o r  evaluat-  
ing sec t ions  of thermal micrometeoroid garments i n  a laboratory-sized 
space s imula t ion  chamber. 
garment s e c t i o n  which incorporated the i n s u l a t i o n  and f a b r i c a t i o n  techni- 
ques developed i n  t h i s  program. Measurements made both before  and a f t e r  
t h e  garment s e c t i o n  was  subjec ted  to  10,000 cyc les  of f lex ing  confirmed 
t h e  v a l i d i t y  of t h i s  method of evaluating thermal n i c r m e t e o r o i d  garments 
and showed t h a t  t he  developed i n s u l a t i o n  and f a b r i c a t i o n  techniques were 
durable. 
Since a technique f o r  
H e a t  flow w a s  measured i n  an experimental 
A. ELBOW CALORIMETER 
The elbow ca lor imeter ,  shown schematically i n  Figure 18, c o n s i s t s  
of a c e n t r a l  calorimeter measuring sec t ion  over which is placed a f l e x i b l e  
pressur izable  s e c t i o n  of a space s u i t  elbow. Guard sec t ions  a t tached  a t  
each end of t h e  ca lor imeter  were designed t o  minimize t h e  hea t  leak  i n t o  
o r  o u t  of t he  calorimeter measuring sect ion.  The experimental thermal 
micrometeoroid garment s e c t i o n  covers t he  calorimeter measuring sec t ion  
and t h e  two guard sec t ions .  
Figure 19 shows t h e  assembled calorimeter w i th  t h e  f l e x i b l e  elbow 
s e c t i o n  mounted i n  t h e  test chamber. The l e f t  end of t he  calorimeter i s  
anchored by low-conductance supports t o  a support  s t r u c t u r e  i n  t h e  space 
simulation chamber. 
f l ex ing  mechanism wi th  a yoke which guides the  r i g h t  end as t h e  elbow 
s e c t i o n  i s  f l exed  back and fo r th .  
o r  minus 45 degrees from a normal axis. I d e a l l y ,  t he  elbow calorimeter 
should have been f lexed  90" i n  one d i r e c t i o n  from t h e  n e u t r a l  axis, but 
The r i g h t  end of t h e  ca lor imeter  i s  a t tached  t o  a 
The elbow calorimeter w a s  f l exed  p l u s  
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space l i m i t a t i o n s  wi th in  t h e  test chamber d id  not  allow t h i s  range of 
mo t ion. 
1. Calorimeter Design 
The requirement t h a t  t h e  space s u i t  i n s u l a t i o n  be  t e s t e d  i n  both  
luna r  nighttime and lunar  daytime conditions made i t  necessary t o  have a 
calorimeter t h a t  could measure h e a t  f l u x  outward from t h e  calorimeter 
during lunar  nighttime conditions and inward during lunar  daytime condi- 
t i ons .  
used i n  t h i s  test program is  show' schematically i n  F igure  20. Water 
a t  ambient labora tory  temperature is s to red  i n  a l a r g e  in su la t ed  tank, 
pressur ized  t o  a i d  i n  con t ro l l i ng  t h e  water flow through t h e  calorimeter 
and guard sec t ions .  Water flowing from t h e  tank e n t e r s  t h e  l e f t  guard 
s e c t i o n ,  where i t  separa tes .  
s ec t ion ,  where t h e  temperature rise is measured with a mul t i j unc t ion  
thermopile. I n l e t  temperature t o  t h e  calorimeter i s  a l s o  measured. The 
water flowing through t h e  ca lor imeter  continues outward through t h e  r i g h t  
guard sect ion.  
s e c t i o n  i s  measured downstream of the  con t ro l  needle-valve. 
where the water flow d iv ides ,  a por t ion  of t h e  water i s  d ive r t ed  back 
through t h e  l e f t  ca lor imeter  guard. Water flow i n  t h e  l e f t  guard is 
cont ro l led  wi th  a needle-valve. 
of both t h e  r i g h t  and l e f t  guards. 
d i s t r i b u t i o n s  which might be expected i n  t h e  calorimeter and t h e  two 
guards f o r  l una r  daytime conditions.  
The b a s i c  concept--one of many considered--for t h e  calorimeter 
The main f low passes  through t h e  calorimeter 
The flow through t h e  calorimeter and t h e  r i g h t  guard 
A t  t h e  p o i n t  
Temperatures are measured a t  t h e  e x i t s  
Figure 20 a l s o  shows t h e  temperature 
Figure 21 shows a flow diagram f o r  t h e  calorimeter.  Water a t  near 
room temperature (70'F) is brought from t h e  in su la t ed  tank i n t o  t h e  test 
chamber through a t r a n s f e r  l i n e  which has mul t i l aye r  i n s u l a t i o n  t o  
minimize hea t  l o s s e s  t o  t h e  cold w a l l s  of t h e  chamber. The t r a n s f e r  
tank i s  loca ted  immediately ou t s ide  of t h e  space s imula t ion  chamber t o  
minimize t h e  h e a t  loss o r  ga in  between t h e  tank and chamber. The flow 
through t h e  calorimeter i s  cont ro l led  by valve "A" and t h e  flow through 
t h e  l e f t  guard is con t ro l l ed  by va lve  ''B". 
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Provis ion  is made f o r  equalizing t h e  p re s su re  wi th in  t h e  test  
chamber and t h e  elbow ca lor imeter  during t h e  i n i t i a l  pumpdown. 
chamber pressure  is below 32" of mercury, t h e  elbow s e c t i o n  can b e  iso- 
l a t e d  from t h e  test chamber and back-fil led with a small amount of dry 
n i t rogen  u n t i l  t h e  pressure  d i f f e r e n t i a l  between t h e  elbow ca lor imeter  
s e c t i o n  and t h e  test  chamber is approximately 3.0 p s i a  ( t y p i c a l  ex t r a -  
vehicu lar  space s u i t  p ressure) .  F i l l i n g  the  elbow ca lor imeter  causes it 
t o  assume t h e  shape i t  normally would have during space operations.  
add i t ion ,  t h e  presence of dry n i t rogen  wi th in  t h e  elbow calorimeter 
thermally couples t h e  calorimeter with the i n s i d e  w a l l  of t he  garment and 
in su res  good hea t  t r a n s f e r  from t h e  calorimeter t o  t h e  w a l l .  
When t h e  
I n  
Care w a s  exerc ised  i n  t h e  design of t h e  elbow ca lor imeter  t o  in su re  
t h a t  the expected hea t  flow through the test i n s u l a t i o n  could be accura te ly  
determined. 
thermal conductance l i ke  sample ADL-08 as measured i n  t h e  guarded cold- 
p l a t e  calorimeter.  Although t h e  elbow ca lor imeter  w a s  designed f o r  t h e  
average conductance (given i n  Table 12), w e  a l s o  checked t h e  performance 
f o r  conditions where t h e  garment conductance w a s  half  a magnitude h igher  
and ha l f  a magnitude lower. 
In t h e  design, w e  assumed that t h e  i n s u l a t i o n  had an average 
For both t h e  average and t h e  extreme conductances, w e  ca l cu la t ed  
t h e  expected h e a t  flows through the i n s u l a t i o n  and, f o r  various water 
flow rates through t h e  ca lor imeter ,  w e  ca lcu la ted  t h e  water temperature 
rise i n  t h e  calorimeter.  The lowest hea t  flow i n t o  t h e  calorimeter w a s  
of t h e  order of 1 Btu/hr. 
rates ( l e s s  than 5 pounds of w a t e r  per hour) t he  temperature r ise across 
t h e  calorimeter would be  of .the. o rde r  of 0.2'F. 
rise, t h e  accuracy of measurement of t h e  temperature rise across  t h e  
ca lor imeter  should be  0.01'F i n  order t o  keep t h e  e r r o r  i n  t h e  hea t  f l u x  
measurement t o  less than - + 5%. 
thermopile t o  achieve t h i s  accuracy. 
Under these  conditions,  a t  low water flow 
For t h i s  low temperature 
W e  used a 10-junction copper-constantan 
I n  add i t ion ,  w e  determined t h e  e r r o r  which would r e s u l t  from s m a l l  
temperature rises i n  t h e  ca lor imeter  due t o  temperature rise i n  t h e  
i n l e t  water. W e  determined t h a t  t o  keep t h e  e r r o r  i n  t h e  h e a t  f l u x  less 
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TABLE 12 .  THERMAL PROPERTIES OF THE GARMENT TEST SECTION 
Layer Sequence 
Outside : 2 l a y e r s  Stevens S t y l e  15035 t i g h t l y  woven Beta 
f i b e r g l a s s  c lo th .  
In su la t ion :  7 r a t i a t i o n  s h i e l d s  of 0.5-mil po lyes t e r  f i l m  with 
800 A vapor-deposited aluminum and 500 ,& vapor- 
deposited germanium on both s ides .  
In s ide  : 8 spacers of Stevens S t y l e  2530 Beta marquisette 
w i t h  9362 f i n i s h .  
2 b ladder  layers--David Clark S t y l e  1807 w i t h  
neoprene-coated su r f  aces toge ther  . 
Garment Conductance 
No-load conductance €or  sample ADL-08 from Figures 6 and 7. 
Boundary Temp e rat u r  e s 
-250 t o  70°F 300 t o  70°F 
0.0017 0.0066 Conductance (Btu/sq f t  hr°F) 
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than - + 2%, w e  would have t o  l i m i t  t h e  temperature rise i n  t h e  ca lor imeter  
t o  less than O.l°F pe r  hour. 
B . THERMAL MICROMETEOROID GARMENT SECTION 
A s e c t i o n  of a thermal micrometeoroid garment w a s  made from t h e  
improved materials and the  improved garment f a b r i c a t i o n  technique developed 
i n  t h e  program. The sec t ion  w a s  24 inches long and w a s  f ab r i ca t ed  on a 
mandrel which w a s  5.75 inches i n  diameter. The l a y e r s  i n  t h i s  garment 
s e c t i o n  are described i n  Table 12 .  The spacers and r a d i a t i o n  s h i e l d s  
were applied t o  t h e  i n s u l a t i o n  layup one l aye r  a t  a t i m e  i n  accordance 
wi th  t h e  cons t ruc t ion  procedures described i n  Sec t ion  V.  Care w a s  taken 
t o  insure  adequate spacing between each r a d i a t i o n  s h i e l d  and spacer by 
i n s e r t i n g  a l a y e r  of b l o t t e r  paper  between t h e  r a d i a t i o n  s h i e l d  and 
the  next spacer. When t h e  layup w a s  complete, these  b l o t t e r  l a y e r s  w e r e  
removed by pu l l ing  them out  a x i a l l y .  Seams i n  t h e  r a d i a t i o n  s h i e l d s  and 
t h e  bladder l aye r s  were cemented wi th  Dow-Corning type 503 s i l i c o n e  
adhesive. 
R/M-L-3203-6 (supplied by NASA-MSC) p r i o r  t o  c u t t i n g  t o  exact dimensions. 
Shield spacers were a t tached  t o  t h e  layup wi th  loose  c ross -s t i tches  of 
nylon thread.  
t i o n ,  a Beta f i b e r g l a s s  yarn would be used f o r  s t i t c h i n g  t h e  s h i e l d  spacers.  
The edges of spacers were s t a b i l i z e d  with F luo re l  cement type 
I n  f a b r i c a t i o n  of a f l i g h t - q u a l i f i a b l e  space s u i t  insu la-  
Care w a s  exerc ised  while making the  garment s e c t i o n  t o  i n s u r e  t h a t  
t h e  r a d i a t i o n  s h i e l d s  terminated a t  least 0.5 inch  before thz  edge of t h e  
spacers s o  t h a t ,  when t h e  f i n a l  seam w a s  made, t h e  r a d i a t i o n  s h i e l d s  were 
not anchored i n  t h e  seam. The ou te r  l aye r s  of t he  garment s e c t i o n  were 
made from Stevens S t y l e  15035. 
s t i t c h e d  along t h e  long i tud ina l  axis with nylon thread. 
space garment layup, double-sti tching with Nomex and Beta f i b e r g l a s s  
threads would be used.) 
w a s  made (Figure 22) shows t h a t  the r a d i a t i o n  s h i e l d  ends approximately 
0.5 inch  s h o r t  of t h e  end of t h e  spacers.  I n  add i t ion ,  some of t h e  tac 
s t i t c h e s  used t o  anchor t h e  s h i e l d  spacers are shown. 
seam is s h m  in  Figure 23. 
These l a y e r s  w e r e  made sepa ra t e ly  and 
( I n  the a c t u a l  
The sequence of t he  layup before  t h e  end seam 
The completed end 
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The thermal micrometeoroid garment s ec t ion  w a s  i n s t a l l e d  on t h e  
elbow ca lor imeter  f o r  t e s t i n g .  To in su re  t h a t  t h e  hea t  l o s s  from the  
ends of t h e  i n s u l a t i o n  and the  calor imeter  s e c t i o n  are minimized, cap 
in su la t ions  cons is t ing  of s i n g l e  r a d i a t i o n  s h i e l d s  of double-aluminized 
Mylar and double spacers  of s i l k  b r i d a l  ve i l  w e r e  a t tached over t he  end 
seams. The complete layup with t h e  end r a d i a t i o n  s h i e l d  guard is  shown 
i n  Figure 24. 
space garment w a s  f lexed  during t h e  10,000-cycle wear por t ion  of t h e  test 
program. 
The elbow calor imeter  is bent  s l i g h t l y  t o  show how t h e  
C. SPACE SIMULATION CHAMBER 
The garment s ec t ion  w a s  t e s t e d  on the  elbow calor imeter  i n  the  ADL 
three-f oot  diameter space s imula t ion  chamber. This chamber i s  equipped 
wi th  blackened shrouds through which l i q u i d  n i t rogen  c i r c u l a t e s  t o  s imulate  
lunar  night t ime condi t ions.  The use  of liquid-nitrogen-cooled shrouds 
is considered adequate f o r  s imulat ion of lunar  night t ime condi t ions i n  
t h i s  test  program. For t h e  lunar daytime condi t ions ,  w e  simulated t h e  
high temperature on t h e  ou t s ide  su r face  of t h e  space s u i t  i n su la t ion  by 
enclosing t h e  garment and calor imeter  i n  a heated b a f f l e  as shown i n  
Figure 25. 
a x i a l l y  elongated pos i t ion .  The heated b a f f l e  has th ree  l aye r s  of double- 
Under these  condi t ions,  t h e  elbow calor imeter  i s  he ld  i n  t h e  
aluminized Mylar r ad ia t ion  s h i e l d s  t o  minimize t h e  hea t  l o s s  from i ts  
outs ide  w a l l .  During t h e  test ,  a hea ter  a t tached  t o  the  i n s i d e  of t h e  
heated b a f f l e  w a s  used t o  raise t h e  temperature t o  +300°F. During t h e  
test  a t  lunar  daytime condi t ions,  l i q u i d  n i t rogen  w a s  c i r c u l a t e d  i n  t h e  
test chamber shrouds t o  cryopump t h e  chamber and achieve pressures  below 
t o r r .  
The temperature of t h e  calor imeter  w a s  measured with copper constantan 
thermocouples loca ted  a t  t h e  pos i t ions  shown i n  Figure 26. Thermocouple 
m i l l i v o l t  ou tputs  were measured with a d i g i t a l  vol tmeter .  The output  of 
t h e  10- junc t ion  thermopile w a s  continuously recorded on a Honeywell 
E lec t ron ic  1 9  recorder  so t h a t  t rends  i n  t h e  temperature could be  deter-  
mined. 
Leeds and Northrup K-3 potentiometer. I n  add i t ion ,  the  i n l e t  temperature 
Accurate measurements of t h e  thermopile output  w e r e  made wi th  a 
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FIGURE 26 THERMOCOUPLE LOCATIONS IN THE ELBOW CALORIMETER 
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t o  t h e  ca lor imeter  w a s  accura te ly  measured wi th  the  K-3 potentiometer. 
The ca lor imeter  w a t e r  flow rate w a s  determined by co l l ec t ing  t h e  
water and c a r e f u l l y  weighing t h e  amount accumulated a t  t h e  end of each 
hour. I n  add i t ion ,  one-minute measurements of f low rate w e r e  taken 
occas iona l ly  during t h e  test period. 
Temperature and flow measurements were made every hour a f t e r  e q u i l i -  
brium w a s  reached. 
o r  out of t h e  calorimeter va r i ed  less than - + 5% from t h e  average. 
brium measurements were made f o r  a period of 6 t o  9 hours. 
For a l l  tests, t h e  equilibrium h e a t  f l u x  e i t h e r  i n t o  
Equili-  
D. TEST PROGRAM FOR ELBOW CALORIMETER 
I n  determining t h e  thermal performance of t h e  developmental thermal 
micrometeoroid garment wi th  t h e  elbow Calorimeter, t h e  f i r s t  s t e p  i n  t h e  
test sequence w a s  t o  measure the  hea t  flow i n t o  t h e  garment s e c t i o n  dur- 
i ng  simulated lunar  daytime condi t ions ,  requirirtg t h e  use  of t h e  hot  
b a f f l e  (Figure 25). The test chamber was evacuated, checked f o r  leaks, 
and then t h e  hot  b a f f l e  w a s  ad jus ted  u n t i l  an equilibrium temperature of 
approximately 300’F w a s  achieved. 
b a f f l e s  t o  in su re  t h a t  t he  pressure  remained below 10 t o r r  during these  
lunar  daytime conditions.  A t  t h e  conclusion of t he  lunar daytime test 
p r i o r  t o  wear, t he  tes t  chamber w a s  opened, t he  ho t  b a f f l e  w a s  removed 
and t h e  chamber w a s  then closed again. 
Liquid n i t rogen  w a s  used i n  t h e  chamber 
-4 
Lunar night t ime conditions were then simulated by cooling t h e  shrouds 
i n  t h e  chamber t o  l i q u i d  n i t rogen  temperatures. 
reached f o r  l una r  night t ime condi t ions ,  t h e  f l exure  mechanism w a s  s t a r t e d  
and a t tempts  were made t o  f l e x  t h e  elbow s e c t i o n  10,000 times. 
of t h e  f l e x i b l e  r e t u r n  l i n e  from t h e  elbow calorimeter’ due t o  f reez ing  
forced t h e  te rmina t ion  of t h e  f l e x u r e  a f t e r  7,000 cyc les  of w e a r .  
w e r e  unable t o  achieve an equilibrium thermal condition during t h e  
f l e x u r e ,  and wi th  f a i l u r e  of t h e  r e t u r n  l i n e ,  we abandoned the  e f f o r t s  
t o  measure hea t  f l u x  during f l exure .  The remaining 3000 cycles  of w e a r  
w e r e  achieved i n  vacuum a t  luna r  nighttime conditions but without c a l o r i -  
When equi l ibirum w a s  
Fa i lu re  
W e  
meter w a t e r  flow. 
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A t  t he  conclusion of t h e  10,000 cycles of wear, t h e  performance of 
t h e  garment s e c t i o n  w a s  measured under cold conditions wi th  t h e  elbow 
sec t ion  i n  i t s  a x i a l  pos i t i on .  A t  t he  conclusion of the cold tests, the  
chamber w a s  again opened and t h e  hot b a f f l e  placed over t he  garment and 
elbow calorimeter.  
measured again. 
Then the performance f o r  t he  warm condition w a s  
Thus, t he  performance of t h e  thermal micrometeoroid garment w a s  
measured f o r  lunar  daytime and nighttime conditions p r i o r  t o  wear and f o r  
lunar  night t ime and daytime conditions a f t e r  wear. 
E.  MEASURED PERFORMANCE OF THERMAL MICROMETEOROID GARMENT SECTION 
Table 13 lists t h e  thermal performance f o r  t he  fou r  test  conditions 
described above. The measured hea t  loss from t h e  garment during simulated 
lunar  night t ime conditons w a s  0.54 Btu/sq f t  h r  before  wear and 0.76 Btu/ 
sq f t  h r  a f t e r  10,000 cyc les  of f l ex ing .  The hea t  flow i n t o  the  garment 
during simulated lunar  daytime conditions w a s  1.47 Btu/sq f t  h r  before  
wear and 1.92 Btu/sq f t  h r  a f t e r  10,000 cycles of wear. 
t i o n  w a s  degraded by 10,000 cycles of f l exure  wear. 
Thus the  insu la-  
A t  t h e  conclusion of a l l  tests, the  t h i r d  r a d i a t i o n  s h i e l d  i n  t h e  
i n s u l a t i o n  layup w a s  removed and t h e  emittance of both s i d e s  w a s  measured 
in t h e  emissometer. (See Tables 9 and 13.) From t h e  emittances a f t e r  
tests, and t h e  measured emittances of t h e  unworn r a d i a t i o n  s h i e l d ,  w e  
ca l cu la t ed  t h e  hea t  flow t o  the  i n s u l a t i o n  based on r a d i a t i o n  h e a t  t rans-  
f e r  alone. 
r a d i a t i v e  h e a t  t r a n s f e r  alone accounts f o r  between one-third and one-half 
of t h e  measured hea t  f l u x  p e r  u n i t  area. This leads us  t o  be l i eve  t h a t  
A s  noted on Table 13,  t h e  heat f l u x  pe r  u n i t  area based on 
t h e  remainder of t h e  h e a t  f l u x  is accounted f o r  by s o l i d  conduction 
through t h e  spacers.  
W e  next ca l cu la t ed  t h e  h e a t  flow through t h e  i n s u l a t i o n  based on 
d a t a  f o r  t h e  measured conductance of samples from t h e  guarded cold-plate 
ca lor imeter  f o r  both t h e  unworn and t h e  worn conditions ( see  samples 
ADL-08 and ADL-06, Figures 6 and 7). 
area i n  t h e  garment s e c t i o n  before  wear w a s  23% higher than w a s  p red ic ted  
The measured h e a t  f l u x  per u n i t  
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TABLE 13. THERMAL PERFORMANCE OF A SECTION OF 
A THERMAL-MICROMETEOROID GARElENT 
Unworn 
SUMULATED LUNAR DAY 
Measured temperatures ( ins ide /outs ide)  72 /254 
Measured h e a t  f l u x  per  u n i t  area 
Btu/sq f t  h r )  
1.47 
Measured s h i e l d  emittance (Table 7) 0.022 
Heat f l u x  per  u n i t  area based on 0.484 
the  r a d i a t i v e  h e a t  t r a n s f e r  (Btu/sq f t  h r )  
Measured conductance--guarded cold-plate  0.0066 
calor imeter  d a t a  (Figure 7) (Btu/sq f t  hr°F) 
1.201 Heat f l u x  per  u n i t  area based on 
measured conductance (B tu / sq  f t h r )  
SIMULATED LUNAR NIGHT 
Measured temperatures ( ins ide /outs ide)  78/-310 
Measured hea t  f l u x  per u n i t  area 
(Btu/sq f t  h r )  
0.54 
0.022 Measured sh ie ld  a n i  t tance (Tab l e  7) 
Heat f l u x  pe r  u n i t  area based on the  
r a d i a t i v e  hea t  t r a n s f e r  (Btu/sq f t  h r )  
0.23 
Measured conductance--guarded cold-plate 0.0017 
ca lor imeter  d a t a  (Figure 6) (Btu/sq f t  hr°F) 
Heat f l u x  p e r  u n i t  area based on 
measured conductance (Btu 'sq f t h r )  
0.66 
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from conductance measurements f o r  l una r  daytime conditions and 18% lower 
than p red ic t ed  f o r  lunar  night t ime conditions.  
The measured hea t  f l u x  per unit area i n  t h e  garment s e c t i o n  a f t e r  
10,000 cycles of wear w a s  50% higher than w a s  p red ic ted  from conductance 
measurements i n  t h e  calorimeter f o r  lunar  daytime condi t ions ,  and equal 
t o  t h e  performance predic ted  f o r  t h e  luna r  nighttime conditions.  
F. POST-EXAMINATION OF THE THERMAL MICROMETEOROID GARMENT SECTION 
The thermal micrometeoroid garment s e c t i o n  was  removed from t h e  
elbow ca lor imeter  and p a r t i a l l y  disassembled so w e  could examine t h e  
condition of t h e  i n s u l a t i o n  and o t h e r  components. 
s h i e l d  from t h e  o u t s i d e  w a s  removed f o r  c a r e f u l  examination. This 
r a d i a t i o n  s h i e l d  showed s i g n s  of wear on the  la teral  s i d e  of t h e  elbow 
sect ion.  From t h i s  area, w e  removed two p ieces  of t h e  r a d i a t i o n  s h i e l d  
f o r  emittance measurements, both s i d e s .  Where t h e  emittances of t h e  
unworn germanium-overcoated r a d i a t i o n  s h i e l d s  ranged from 0.021 to  0.023 , 
i n  t h e  worn condi t ion  a f t e r  10,000 cyc les  of w e a r ,  t h e  an i t t ances  ranged 
from 0.038 t o  0.045 (see Tables 7 and 13).  
emittance of t h e  r a d i a t i o n  s h i e l d  i s  no t  unexpected, considering the  
condition of t h e  r a d i a t i o n  s h i e l d  a f t e r  f l exure  wear. Examination of 
t h i s  t h i r d  r a d i a t i o n  s h i e l d  showed t h a t  although t h e  germanium adhered 
w e l l  t o  t h e  aluminum, and t h e  aluminum adhered w e l l  t o  t h e  s h i e l d  sub- 
strate, t h e  s u b s t r a t e  i t s e l f  f a i l e d ,  as evidenced by s e v e r a l  s m a l l  
cracks i n  t h e  r a d i a t i o n  s h i e l d .  
than 1% of t h e  r a d i a t i o n  s h i e l d  area repeated flexure-crinkling of t h e  
s h i e l d  had caused t h e  germanium t o  sepa ra t e  from t h e  aluminum sur face .  
Most of t hese  areas had s h o r t  (approximately 0.5 inch  maximum) marks i n  
an i r r e g u l a r  p a t t e r n  uniformly d i s t r i b u t e d  over t he  su r face ,  with a 
higher concentration loca ted  on t h e  lateral s ides .  Abrasion of these 
areas wi th  a penc i l  eraser e a s i l y  removed t h e  remaining aluminum and 
germanium, revea l ing  t h e  Kapton subs t r a t e .  Adjacent areas which did 
no t  e x h i b i t  these marks r e s i s t e d  t h e  abrasion of t he  eraser very w e l l .  
The most s e r ious  f a i l u r e  observed i n  t h i s  t h i r d  r a d i a t i o n  s h i e l d  w a s  t h e  
cracking of t h e  subs t r a t e .  Several holes  l a r g e  enough to  pass a penc i l  
The t h i r d  r a d i a t i o n  
This degradation i n  t h e  
I n  add i t ion ,  i n  a p a t t e r n  covering less 
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l ead  were observed i n  t h e  v i c i n i t y  of t h e  lateral  s i d e  of t h e  elbow. 
I n  add i t ion ,  several cracks approximately 1/2" long were observed i n  
t h i s  area. 
Examining t h e  remaining s h i e l d s  i n  t h e  i n s u l a t i o n  layup i n  s i t u ,  
w e  found t h a t  t h e  same type of s u b s t r a t e  f a i l u r e  had occurred. 
lead-sized holes and occasional tears w e r e  no t iced  i n  t h e  area on t h e  
lateral s i d e  of t he  in su la t ion .  
overcoated r a d i a t i o n  s h i e l d s  of abras ive  wear aga ins t  t h e  Beta f i b e r g l a s s  
spacers.  Examination of t h e  i n s u l a t i o n  ind ica ted  no f a i l u r e  of t he  
spacers o r  of t h e  bladder l aye r s .  
two l a y e r s  of Stevens S t y l e  15035 material--showed evidence on the top 
and bottom su r faces  of f a i l u r e  by mutual abrasion i n  a n  area where a 
wrinkle  w a s  induced during each cycle.  
Pencil- 
There w a s  no evidence on t h e  germanium- 
The e x t e r n a l  l a y e r  of t h e  space su i t - -  
I n  summary, t h e  pos t - t e s t  examination ind ica t ed  t h a t  t he  germanium- 
overcoated r a d i a t i o n  s h i e l d  s t ands  up w e l l  aga ins t  any abrasion which 
might be  induced due t o  normal f l e x u r e  of t he  space s u i t  and t h a t  aigni- 
f i c a n t  improvement w a s  achieved i n  t h e  in su la t ion  abras ion- res i s  tance . 
There is some evidence t h a t  sharp f l ex ing  of t h e  r a d i a t i o n  sh ie ld  w i l l  
cause a s m a l l  amount of. t h e  germanium overcoating t o  detach from t h e  
aluminum subs t r a t e .  However, t h e  loss of coating amounts t o  less than 
1% of t h e  t o t a l  su r f ace  area, even i n  areas where the re  is  a l a r g e  amount 
of f lexure-cr inkl ing  a c t i v i t y .  There w a s  evidence t h a t  t h e  0.5-mil 
polyimide s u b s t r a t e  f a i l e d  as a r e s u l t  of repeated f lexures .  
appeared t o  have been induced by t h e  combined f l e x u r e  bending and sheer 
which occurs l o c a l l y  wi th in  t h e  r a d i a t i o n  s h i e l d s  as t h e  garment i s  
flexed. This f a i l u r e  of t h e  polyimide s u b s t r a t e  i n d i c a t e s  t h e  necess i ty ,  
f o r  lengthy space missions,  of developing s u b s t r a t e s  which are less 
prone t o  cracking and tear ing.  There w a s  no observable degradation i n  
t h e  garment layup technique and no evidence of r a d i a t i o n  s h i e l d  migra t ion  
during t h i s  test. The abrasion f a i l u r e  of t h e  e x t e r n a l  su r f ace  l aye r  
of t h e  space s u i t  is considered t o  b e  c h a r a c t e r i s t i c  of t h e  material-- 
t h i s  type  of f a i l u r e  has been observed i n  o the r  garments made from S t y l e  
15035 Beta f i b e r g l a s s  c lo th .  
The f a i l u r e s  
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V I I .  PRELIMINARY SPECIFICATIONS FOR THERMAL 
INSULATION AND GARMENT FABRICATION 
These prel iminary s p e c i f i c a t i o n s  are v a l i d  only f o r  experimental and 
development purposes. The c a p a b i l i t y  of thermal i n s u l a t i o n s  made accord- 
i n g  to  these  s p e c i f i c a t i o n s  has been demonstrated i n  labora tory  simulated 
lunar  night t ime and lunar  daytime conditions.  Garments made according t o  
these  s p e c i f i c a t i o n s  have no t  been space-f l i g h t  qua l i f i ed .  
A. INSULATION 
The mul t i layer  i n s u l a t i m  used i n  ex t ravehicu lar  space garments 
should c o n s i s t  of a l t e r n a t e  l a y e r s  of r a d i a t i o n  s h i e l d s  and spacers .  
r a d i a t i o n  s h i e l d s  should have low-emittance sur faces  (both s i d e s )  which 
minimize r a d i a n t  h e a t  t r a n s f e r ;  t h e  spacers should keep the  ind iv idua l  
r a d i a t i o n  s h i e l d s  from touching each o the r ,  thereby minimizing thermal 
conduction through t h e  layup, p a r t i c u l a r l y  when t h e  i n s u l a t i o n  is  com- 
pressed. 
spacer; the re fo re ,  t h e  layup should always have one more spacer than radia- 
t i o n  sh ie lds .  
ou ter  l aye r  keeps t h e  s h i e l d  from touching and assuming t h e  temperature 
of t he  ou te r  l aye r .  
The 
An i n s u l a t i o n  layup should begin with a spacer  and end with a 
The end spacer between t h e  outermost s h i e l d  and t h e  garment 
1. Radiation Shie lds  
a. Film Subs t r a t e  
The f i l m  s u b s t r a t e  f o r  t h e  r a d i a t i o n  s h i e l d s  should be 0.5-mil 
(0.0005 inch) polyimide f i lm  (duPont Kapton o r  equiva len t )  because i t  i s  
less flammable than po lyes t e r  f i lm  i n  a i r .  
b . Vapor-Deposited Aluminum Surf ace with Germanium Overcoating 
Aluminum wi th  a minimum p u r i t y  of 99.99% should be vapor-deposited 
on each s i d e  of t h e  s u b s t r a t e  fi lm. Each aluminum coating should have a 
thickness of no less than 600 A and no g r e a t e r  than 800 A, applied i n  a 
s i n g l e  pass a t  t h e  most r ap id  rate poss ib le  t o  provide a coating of uni- 
0 0 
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form thickness  and a b r igh t  l u s t e r .  
An overcoating of germanium, a l s o  wi th  a m i n i m u m  p u r i t y  of 99.99%, 
Each should be  vapor-deposited on each s i d e  of t h e  aluminized f i lm.  
germanium coat ing should be between 450 A and 550 A t h i c k  and be  appl ied  
i n  a s i n g l e  pass  a t  t h e  most rap id  rate poss ib l e  t o  produce t h e  g r e a t e s t  
uniformity . 
0 0 
The coat ings should be f r e e  of windows (unaluminized a r e a s ) ,  except 
f o r  openings such as p in  holes  i n  t h e  polyimide f i lm.  
f r e e  of creases and t h e  wrinkling of t h e  f i lm  should b e  no g rea t e r  i n  kind 
and degree than t h a t  found i n  t h e  o r i g i n a l  mill-wound r o l l .  
aluminum coat ings are complete, a l l  wind-rewind operat ions should be per- 
formed i n  the  coating chamber a t  vacuum t o  prevent incomplete coating 
t h a t  can occur i f  dus t  accumulates on t h e  f i lm.  
The f i lm  should be 
Unt i l  both 
P r i o r  t o  applying the  germanium overcoating ? t h e  aluminum coating 
thickness  should be  determined by the  electrical-resis tance method , using 
an impedance br idge  and a r e s i s t a n c e  head cons is t ing  of a 2" x 3" Micarta 
block wi th  copper k n i f e  edges a t tached  t o  the  long s i d e  of t h e  block. The 
measurement should be made on a 2" x 3" sample with the  measuring head set 
across  sample t o  measure a 2" x 2" square.  The th ickness  i n  Angstroms can 
be computed from the  r e l a t i o n ,  t = - 285, where R is the  measured e lectr ical  
R 
r e s i s t a n c e  of the  coating i n  ohms. 
The germanium coat ing thickness  should b e  determined by a s u i t a b l e  
thin-f i lm thickness  monitor (such as t h e  Speedyvac Model FTH-lmade by 
Edwards High Vacuum Corporation) within the  chamber and a t  the  v e l o c i t y  
of travel of t h e  f i lm.  
c. Gold-Coated Surface (Al te rna t ive)  
An a l t e r n a t i v e  low-emittance sur face  which does n o t  r e q u i r e  germanium 
overcoating f o r  abrasion pro tec t ion  can be achieved by a s i n g l e  applica- 
t i o n  of a l iquid-bright-gold on both s ides  of t h e  polyimide f i l m  with a 
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s o l u t i o n  of l i q u i d  b r i g h t  gold No. 8342* i n  accordance with AGC Corpora- 
t i o n  s p e c i f i c a t i o n  555 o r  equivalent.  
d r i ed ,  and baked out  a t  600°F, should have a thickness between 750 A and 
1250 A. 
e l e c t r i c a l  r e s i s t a n c e  method. The thickness i n  Angstroms can be computed 
from t h e  r e l a t i o n ,  t = -, where R i s  t h e  measured e l e c t r i c a l  r e s i s t a n c e  
of t h e  coating i n  ohms. 
The so lu t ion ,  when proper ly  appl ied ,  
0 
0 




Radiat ion s h i e l d  spacer material should be f i r ep roof  i n  100% oxygen, 
t h in ,  l igh tweight ,  extremely f l e x i b l e  and have a f i n e  hand and drape. 
In add i t ion ,  i t  should be ndnraveling and easy to  handle during f ab r i ca -  
t ion. 
a. S ingle  Layer Radiation Shield Spacer 
The p re fe r r ed  r a d i a t i o n  s h i e l d  spacer f o r  space s u i t  app l i ca t ion  is 
a s i n g l e  l a y e r  of open-mesh leno weave f i b e r g l a s s  f a b r i c .  
f o r  t h i s  app l i ca t ion  is Stevens S t y l e  2530 (sometimes ca l l ed  Beta 
marqu i se t t e ) ,  whose s p e c i f i c a t i o n s  are given i n  Table 14. 
A good material 
b. Multiple Radiat ion Shield Spacers 
An a l t e r n a t i v e  r a d i a t i o n  s h i e l d  spacer would be  two o r  t h r e e  l aye r s  
of t h i n  open-weave f a b r i c ,  such as t h a t  described i n  Table 15. 
c. F in ishes  and S t a b i l i z a t i o n  
A lub r i ca t ing  f i n i s h  is requi red  t o  improve t h e  abrasion r e s i s t a n c e  
of t hese  spacers .  For t h e  s ing le- layer  leno  weave f a b r i c s ,  J. P .  Stevens 
Co., Inc., p rop r i e t a ry  f i n i s h  N o .  9362 should be used. This f i n i s h ,  
equiva len t  t o  t h e  NASA f i n i s h  No. F0-17-A, a d imethyls i l icone  polymer i n  
a n  emulsion which is  3% s i l i c o n e  by weight, leaves about 0.3% organic 
content i n  t h e  f a b r i c .  
* 
Material is  supplied by t h e  Hanovia Divis ion of Engelhard I n d u s t r i e s ,  
Newark, N . J .  
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TABLE 14. SPECIFICATIONS FOR PREFERRED SPACER MATERIAL 
J. P. Stevens S t y l e  No. 2530 o r  equivalent (Beta marquisette) with No. 
9362 f i n i s h .  This is an open-mesh leno weave f i b e r g l a s s  f a b r i c  made 
wi th  supe r f ine  fi lament.  
Weight (ounces / squar e yard) 1.80 - + 10% 
Thickness (inches) 0.005 5 10% 
Thread count (yarns/inch) 
42 + 4 
F i l l  25 - + 2 
Warp - 
Breaking s t r e n g t h  (pounds/inch) 
Warp 42 + 4 - 
25 + 2 - F i l l  
F in i sh  9362 s u b s t a n t i a l l y  improves abrasion r e s i s t a n c e  and has been 
t e s t e d  and found nonflammable i n  pure oxygen a t  16.5 p s i a .  
S t y l e  2530, F in i sh  9362, i s  t h e  equivalent of NASA S t y l e  No. 48970, 
F in i sh  No. FO-17-A. 
Source: J. P. Stevens and Go., Inc. 
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TABLE 15. SPECIFICATIONS FOR AN ALTERNATIVE SPACER MATERIAL 
J. P .  i t evens  S t y l e  104 (or  equivalent)  with 5% f i n i s h  of F luo re l  R/M-L- 
3203-6 f o r  yarn  s t a b i l i z a t i o n .  
from yarns spun from E g l a s s .  
This i s  a p l a i n  weave f i b e r g l a s s  made 
Weight (ounces/square yard) 
Thickness (inches) 
Thread count (yarns/ inch) 
Warp 
F i l l  
Breaking s t r e n g t h  (pounds/inch) 
Warp 
F i l l  
0.58 - + 6% 
0.0013 10% 
60 + 2 - 
52 + 2 - 
40 
10 
F luore l  f i n i s h  R/M-L-32-3-6 is approximately 80% hexafluoropropene 
by weight, 20% vinyl id inef  l uo r ide ,  and add i t iona l  f i l l e r  materials 
and quenching agents .  
a. 
Source: J. P. Stevens and Co., Inc. 
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Thin open weave materials (such as s t y l e  104) are p a r t i c u l a r l y  sus- 
c e p t i b l e  to  unraveling. 
s t a b i l i z a t i o n  t o  ease handling and f ab r i ca t ion .  
be used f o r  s t a b i l i z a t i o n  is  F luore l  cement type R/M-L-3203- 6 
by the  3 M  Company. 
weight, 20% vinyl id inef  luoride,  and a d d i t i o n a l  f i l l e r  materials and 
quenching agents. This s t a b i l i z i n g  f i n i s h  should b e  applied by d i l u t i n g  
t h e  material wi th  f i v e  p a r t s  of so lvent  such as methyl e t h y l  ketone and 
spraying it  on t h e  f i b e r g l a s s  f a b r i c  u n t i l  t h e  des i red  weight ga in  has 
been achieved. Bake-out a t  300'F f o r  one-half hour is  required.  
Between 5% and 8% by weight is requi red  f o r  yarn 
One material which can 
developed 
F luore l  is approximately 80% hexafluoropropene by 
B. FABRICATION 
1. I n s u l a t i o n  Layup 
I n  thermal i n s u l a t i o n  systems where t h e  primary mode of hea t  t r a n s f e r  
i s  by r a d i a t i o n ,  i t  is  d e s i r a b l e  to  use  a series of r a d i a t i o n  s h i e l d s  
which are as completely i s o l a t e d  from each o ther  as poss ib le .  
t i o n  s h i e l d s  are c a l l e d  p e r f e c t  o r  i s o l a t e d  r a d i a t i o n  s h i e l d s .  
i s  impossible t o  achieve p e r f e c t  r a d i a t i o n  s h i e l d i n g ,  t he  bes t  t h a t  can 
be  done is  t o  approach p e r f e c t  r a d i a t i o n  sh ie ld ing  through t h e  use  of 
good i n s u l a t i o n  cons t ruc t ion  techniques. 
Such rad ia-  
Since i t  
I n  applying mul t i l aye r  i n s u l a t i o n  to  an ext ravehicu lar  space s u i t ,  
u s e  of t h e  following b a s i c  cons t ruc t ion  technique w i l l  minimize devia t ion  
from t h e  p e r f e c t  r a d i a t i o n  sh ie ld ing  concept: 
Hang t h e  i n s u l a t i o n  as loose ly  as poss ib l e  on the  
ex t ravehicu lar  garment. 
Minimize compressive loading on t h e  in su la t ion .  
Have each r a d i a t i o n  s h i e l d  form a s i n g l e  monoli thic  
s h e l l  and be completely i s o l a t e d  from t h e  next 
r a d i a t i o n  s h i e l d  . 
0 Avoid s t i t c h i n g  through r a d i a t i o n  s h i e l d s ;  i f  such 
s t i t c h i n g  is necessary,  make it loose  t o  minimize 
compressive load and chances of t ea r ing  the s h i e l d s .  
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Have spacer l a y e r s  overlap r a d i a t i o n  s h i e l d  l a y e r s  by 
a t  least one-half inch  a t  a l l  seams. 
2. Garment Fabr ica t ion  
The ex t ravehicu lar  space s u i t  must serve dua l  purposes of i s o l a t i n g  
the  a s t ronau t  from h i s  ex te rna l  environment and sh ie ld ing  him from the  
inf requent  micrometeoroid particles which he may encounter. 
a. Layer Sequence 
S t a r t i n g  from t h e  ou t s ide  of t h e  garment, t h e  garment elements 
(Figure 27)  should be: 
Two l a y e r s  of t i g h t l y  woven f i b e r g l a s s  c lo th  
made from Beta f i lament  f i b e r g l a s s  yarns 
(J. P .  Stevens Co., Inc. ,  Style.No. 15035 
wi th  N o .  9362 f i n i s h ,  6.2 oz/sq yd, 
Two l a y e r s  of super Beta f i b e r g l a s s  c lo th  
s t y l e  NASA-MSC S t y l e  4484. (This material 
d i f f e r s  from regu la r  Beta f i b e r g l a s s  c l o t h  
S t y l e  15035 i n  t h a t  t h e  yarns are coated wi th  
Teflon before  being woven i n t o  cloth.)  
An i n s u l a t i o n  l aye r  cons is t ing  of seven 
a l t e r n a t e  l aye r s  of double-aluminized polyimide 
(Kap ton) f i l m  wi th  overcoating of germanium 
and l i g h t  open-mesh f i b e r g l a s s  spacers (see 
i n s u l a t i o n  s p e c i f i c a t i o n s  above), 18.7 oz/yd. 
Two l a y e r s  of nylon rip-stop bladder c lo th  which 
have been neoprene-coated on one s i d e  (David 
Clark Co., Inc. ,  S t y l e  1807 o r  equiva len t ) .  The 
weight of t h e  complete layup is estimated to  b e  
47 oz/sq yd. 
b. Representat ive Seams and Penet ra t ions  
Figure 12 i l l u s t r a t e s  a recommended seam o r  pene t ra t ion  edge termina- 
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2 layers of tightly woven 
Beta filament fiberglass cloth, 
Stevens Style 15035 with 9362 
finish 
2 layers of neoprene-coated 
(one side) rip-stop bladder 
cloth, coated sides together, 
David Clark Style 1807 
- -  
Insulation made from: 
@ 7 radiation shields ;0.5-mil Kapton film with 500 A 
aluminum and 500 A germanium overcoating, both vapor- 
deposited on the surfaces. 
@ 8 shield spacers - one per shield plus an extra, 
Stevens Style 2530 open mesh fabric (Beta marquisette) 
with 9362 finish 
Weight = 47 oz/sq yd (Estimated from manufacturer’s specifications) 
FIGURE 27 LAYER SEQUENCE FOR RECOMMENDED THERMAL- 
MICROMETEOROID PROTECTION GARMENT 
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t i o n  technique. 
surround t h e  seven-radiation-shield mul t i l aye r  i n s u l a t i o n .  Note t h a t  
t h e  r a d i a t i o n  s h i e l d s  end about 0.5 inch before  t h e  edge of t h e  seam. 
The o u t e r  f i b e r g l a s s  l a y e r s  wrap around t h e  end of the seam and a double 
s t i t c h  i s  taken through a l l  l a y e r s  except  t he  r a d i a t i o n  sh ie lds .  This 
should be  a t i g h t  s t i t c h  so t h a t  a l l  components w i l l  be w e l l  anchored. 
I f  migrat ion of t h e  s h i e l d s  should prove t o  b e  a problem, the  ind iv idua l  
s h i e l d s  should be anchored l i g h t l y  to  t h e  spacers  with F luo re l  cement. 
The two inne r  bladder l a y e r s  and t h e  two ou te r  l a y e r s  
c. Representat ive Closure 
0 
Figure 1 7  i l l u s t r a t e s  a recommended c losure  f o r  an ex t ravehicu lar  
garment. An important cons t ruc t ion  d e t a i l  i s  t h a t  t he  inner l aye r  of 
t h e  garment ( i n  t h i s  case double l a y e r s  of bladder c l o t h )  should car ry  
the  load and t h a t  t h e  ex te rna l  l a y e r  of t h e  c losu re  should be loose ly  
f i t t i n g  on the  garment. 
d. S t i t c h i n g  Material 
The s t i t c h i n g  i n  t h e  seams of the  thermal-micrometeoroid ex t r a -  
vehicu lar  garment should be wi th  double threads :  
of Beta f i b e r g l a s s .  
operating conditions and t h e  Beta f i b e r g l a s s  thread in su res  t h e  i n t e g r i t y  
of t h e  seam i n  t h e  event t h a t  f i r e  des t roys  t h e  Nomex thread. The Beta 
f i b e r g l a s s  thread should be s i z e  0 and conform to  Owens Corning P a r t  No. 
E9 or Belding C o r t i c e l l i  P a r t  No. 747-51. The Noma thread should be 
made from non-melting aromatic polyamid yarn and m e e t  t h e  following 
requirements : 
one of Nomex and one 




Finish  : 
Breaking s t r eng th :  
Elongation: 
Yield : 
3-ply Z t w i s t  
Unbonded 
6.0 pounds minimum 
20 t o  40 percent 
6,000 yards per pound minimum 
*ILC I n d u s t r i e s ,  Inc. , Spec i f i ca t ion  Control Drawing ST15G274-02 
**ILC I n d u s t r i e s ,  Inc. ,  Spec i f i ca t ion  Control Drawing ST15N055-02 
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APPENDIX 
A. CONDUCTANCE OF SPACE SUIT INSULATION 
The d a t a  f o r  a l l  thermal conductance tests made during t h i s  program 
are summarized i n  Tables 16-32. The conductances of samples developed 
during the program (ADL-01 through ADL-09) are summarized i n  Tables 16- 
24 and t h e  conductances of NASA/MSC-supplied samples (MSC-01 through 
MSC-08) are summarized i n  Tables 25-32. 
of t h e  i n s u l a t i o n ;  t h e  measured q u a n t i t i e s  were: compressive load ( p s i ) ,  
t h e  outs ide  temperature of t he  i n s u l a t i o n  ( the  cold p l a t e  and h o t  p l a t e  
temperatures i n  t h e  conductance apparatus, OF) , t h e  i n s i d e  temperature 
of t h e  i n s u l a t i o n  ( the midplane temperature, OF), t h e  hea t  f l u x  through 
t h e  i n s u l a t i o n  (Btu/sq f t  h r ) ,  t h e  sample thickness (inches),  and the  
sample and midplane weights (grams) ; and t h e  derived q u a n t i t i e s  were: 
temperature d i f f e rence  across  each of t h e  two samples measured ( O F ) ,  and 
the sample conductance (Btu/sq f t  hr°F).  
The da ta  inc lude  a desc r ip t ion  
B. CONDUCTANCE DATA EXTRAPOLATION 
The conductance w a s  not measured at  the  exac t  boundary conditions 
required i n  the  program--lunar daytime conditions ( t h e  ou t s ide  tempera- 
t u r e  of t he  space s u i t  a t  300°F and t h e  i n s i d e  a t  70'F) and luna r  night- 
t i m e  conditions ( t h e  outs ide  of the space s u i t  a t  -250'F and t h e  i n s i d e  
at 70°F)--instead, a l l  Conductance measurements f o r  t h e  co ld  p l a t e  
temperature were made at t h e  b o i l i n g  po in t  of l i q u i d  n i t rogen  (-320OF) 
and for t h e  w a r m  p l a t e  temperature a t  200°F and 300'F. 
The use of a midplane temperature measurement between two i d e n t i c a l  
samples of t he  space s u i t  i n s u l a t i o n  allowed us t o  simultaneously measure 
t h e  conductance of two samples of space s u i t  i n s u l a t i o n  f o r  each hea t  
f l u x  measurement. I n  most i n s t ances ,  t h e  midplane temperature was  h igher  
than t h e  70°F requi red  f o r  t he  i n s i d e  boundary condition of t h e  space 
s u i t ;  therefore ,  ex t r apo la t ions  of t h e  b a s i c  da t a  were requi red  to  
determine the  i n s u l a t i o n  conductance f o r  t h e  two conditions.  
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I n  t h e  ex t r apo la t ion  procedure, w e  assumed t h a t  t h e  hea t  f l u x  
through the i n s u l a t i o n  w a s  comprised of two components , s o l i d  conduction 
and r a d i a t i o n ,  as given by Equation 1. 
k A0 4 4  
Q = -A(T1 X - T2) + 2 (T1 - T2) 
n(; - 1) 
Introducing the  d e f i n i t i o n  of conductance 
and rearranging Equation 1 
W e  assumed t h a t  a t  a given compressive load on t h e  i n s u l a t i o n ,  t h e  s o l i d  
conductance (-) and t h e  s h i e l d  emittance (E) are independent of the 
temperature d i f f e rence  across the  in su la t ion .  
t h e  i n s u l a t i o n  conductance is  l i n e a r l y  dependent on the  parameter 
k 
X 
Thus from Equation (3)  
T1 4 - T: 
T1 - T2 
The measured conductance a t  each sample pressure  loading w a s  p l o t t e d  as 
a func t ion  of t h i s  parameter and values of t h e  conductance a t  the desired 
temperature d i f f e rences  (300 t o  70°F and 70 t o  -250OF) w e r e  obtained by 
s t r a i g h t  l i n e  i n t e r p o l a t i o n ,  as shown on Figure 28. 
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TABLE 16. PERFORMANCE OF SAMPLE ADL-Ol-- 
BASELINE INSULATION 
Description: (1) 6 02 .  HT Nomex 0 
(7) 0.25-mil Mylar wi th  300 A aluminum, one s i d e  
(7) NRC nonwoven Dacron b a t t  
(2) b ladder  l a y e r s  
Sample weights: Top 45.2 gm, midplane 20.2 gm, bottom 44.8 gm 
Vacuum: less than 4 x t o r r  
Outside 
Compressive Load Temperature 
(ps i )  (F) 
1.9 to 2.4 
4.9 to 9.8 
1.9 to 2.4 
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TABLE 17. PERFORMANCE OF SANPLE ADL-O2--LAMINATED 
SHIELD AND SPACER INSULATION 
Description: (2) Stevens S t y l e  15035 tight-weave Beta f i b e r g l a s s  
0 
(7) laminate of NASA 0.5-mil Kapton wi th  300 A aluminum 
both s i d e s ;  adhered to  Stevens S t y l e  2530 Beta 
marquis e t t e 
(2) bladder l a y e r s  
Sample weight: top 78.5 gm, midplane 20.3 gm, bottom 77.5 gm 
Vacuum: less than 4 x t o r r  
Outside I n s i d e  Samp l e  
Thick- 
(PS i )  (F) (F) (P) (Btu/hr f t 2 )  ( i n )  (Btu/ft2hroF) 
Compressive Load Temperature Temperature - AT H e a t  Flux ness  Conductance 
2.3 t o  4.1 x l o m 3  
0.92 t o  1 .8  x loM3 
2.3 t o  4 .1  x 





0 .1  
0 .1  
0.1 
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TABLE: 18. PERFORMANCE OF SAMPLE ADL-O3--INTEGRATED 
SHIELD- AND -SPACER INSULA T I  ON 
Description: (2) Stevens S t y l e  15035 tight-weave Beta f i b e r g l a s s  
(7) composite s h i e l d  and spacer  of Stevens S t y l e  1659 
dipped i n  Kapton so lu t ion ;  500 aluminum both s i d e s  
(2) bladder l a y e r s  
Sample weights: top  98.9 gm, midplane 20.3 gm, bottom 97.1 gm 
Vacuum: less than  4 x lom5 t o r r  
Outside 
Compressive Load Temperature 
(ps i )  
2.5 t o  4.6 x 
1.0 to 2 .1  
1.0 to 2 .1  
2.5 t o  4.6 x lom3 
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TABLE 19. PERFORMANCE OF SAMPLE ADL-04 
Description: (2) Stevens S t y l e  15035 tight-weave Beta f i b e r g l a s s  
0 
(7) 1.0-mil Kapton with 1700 A l i q u i d  b r i g h t  gold 
both s i d e s  
(8) 0.030 in.  f l e x i b l e  open-cell polyurethane foam 
(2) bladder l a y e r s  
Sample Weights: top 79.3 gm, midplane 12.5 gm, bottom 80.6 gm 
Vacuum: less than 4 x t o r r  
Sample w a s  subjec ted  t o  10,000 cyc les  of w e a r  
Outside I n s i d e  
Compressive Load Temperature Temperature 
(Ps i )  (F) (F) 
2.9 t o  3.8 x 
0.87 t o  1 .7  x 
2.9 t o  3.8 x 
0.87 t o  1 . 7  x l o m 3  
0.01 

























































AT Heat Flux ness  Conductance 


















































































*Estimated va lues ,  d a t a  w e r e  l o s t  
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TABLE 20. PERFORMANCE OF SAMPLE ADL-05 
Description: (2) Stevens S t y l e  15035 tight-weave Beta f i b e r g l a s s  
0 0 
(7) 0.5-mil Kapton w i t h  800 A aluminum and 500 A 
germanium both s i d e s  
(8) 0.030 in .  f l e x i b l e  open-cell polyurethane foam 
(2) bladder l a y e r s  
Sample Weights: top 65.5 gm, midplane 12.5 gm, bottom 67.0 gm 
Vacuum: less than 4 x t o r r  
Sample w a s  subjec ted  t o  10,000 cyc les  of w e a r  
Sample 
Outside Ins ide  Thick- 
Conductance Compressive Load Temperature Temperature - AT H e a t  Flux ness  
( F) (F) (F) (Btu/hr f t 2 )  ( i n )  (Btu/ft2hroF) (Ps i )  
2.5 t o  3 .1  x 
0.7 t o  1.4 x 
2.5 t o 3 . 1  x lom3 


























































13 1 1.04 
390 1.04 
16 4 1.36 
44 9 1.36 
16 8 1.86 
445 1.86 
13 4 1.21 
37 2 1.21 
13 6 3.47 
385 3.47 
168 5.68 
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TABLE 21. PERFORMANCE OF SAMPLE ADL-06 
Description: (2) Stevens S t y l e  15035 tight-weave Beta f i b e r g l a s s  
0 0 
(7) 0.5-mil Kapton wi th  800 A aluminum and 500 A 
germanium both s i d e s  
(8) Stevens S t y l e  2530 Beta marquiset te  
(2) bladder l a y e r s  
Sample weights: 
Vacuum: less than 1.4 x t o r r  
top 88.0 gm, midplane 12.5 gm, bottom 88.7 gm 
Sample w a s  subjec ted  t o  10,000 cyc les  of wear 
Sample 
Outside I n s i d e  Thick- 
Compressive Load Temperature Temperature - AT Heat Flux ness  Conductance 
2.8 to 3.7 
2.8 to 3.7 
0.86 t o  1.7 x loe3 







0 .1  
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TABLE 22. PERFORMANCE OF SAMPLE ADL-07 
Description: (2) Stevens S t y l e  15035 tight-weave Beta f i b e r g l a s s  
0 0 
(7) 0.5-mil Kapton wi th  800 A aluminum and 500 A 
aluminum both s i d e s  
(8) Stevens S t y l e  104 wi th  5% Ul t ra thene  s t a b i l i z a t i o n  
(2) bladder l a y e r s  
Sample weights: Top 68.4, midplane 12.5 gm, bottom 67.2 gm 
Vacuum: less than 1 .2  x loe5 t o r r  
Sample was subjected t o  10,000 cyc les  of w e a r  
Sample 
Outside I n s i d e  Thick- 
(ps i )  (F) (F) (F) (Btu/hr f t 2 )  ( i n )  (Btu/ft2hroF) 
Compressive Load Temperature Temperature E Heat Flux ness  Conductance 
0 . 1 2 1  0.0096 2.24 t o  2.89 x loW3 203 111 92 0.88 
0.67 t o  1.34 x 
2.24 t o  2.89 x 




























































10 7 2.73 





















































TABLE 23. PERFORMANCE OF SAMPLE ADL-08 
Description: (2) Stevens S t y l e  15035 tight-weave Beta f i b e r g l a s s  
0 0 
(7)  0.5-mil Kapton with 800 A aluminum and 500 A 
germanium both s i d e s  
(8) Stevens S t y l e  2530 Beta marquise t te  
(2) bladder l a y e r s  
Sample weights: t op  83.6 gm, midplane 12.5 gm, bottom 82.5 gm 
(Ps i )  
2.68 t o  3.48 x 
0.82 t o  1.63 x 
2.68 t o  3.48 x 





0 .1  





















































-5 Vacuum: less than  7 x 10 t o r r .  
Sample 
Outside I n s i d e  Thick- 
Compressive Load Temperature Temperature - AT H e a t  Flux ness Conductance 
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TABLE 24. PERFORMANCE OF SAMPLE ADL-09 
Description: (2) Stevens S t y l e  15035 tight-weave Beta f i b e r g l a s s  
0 0 
(7) 0.5-mil Kapton wi th  800 A aluminum and 500 A 
germanium both s i d e s  
(8) 0.030 in .  f l e x i b l e  open-cell polyurethane foam 
(2) bladder l aye r s  
Vacuum: less than 3 x t o r r .  
Outside Ins ide  
Temp era  t u r e  Temperature Comp r es s i v  e Lo ad 
Sample weights: top 67.0 gm, midplane 20.3 gm, bottom 66.4 gm 
. .  
(ps i )  
2.36 to 3.01 x 
0.65 t o  1.31 x 
2.36 to  3.01 x 





























































- AT Heat Flux ness  Conductance 
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TABLE 25. PERFORMANCE OF SAMPLE MSC-01 
Description: (2) NASA S t y l e  4190B tight-weave Beta f i b e r g l a s s  
0 
(7) 0.5-mil Kapton 300 A aluminized one s i d e  
(7)  NASA S t y l e  4897 Beta marquisette 
(2) bladder l a y e r s  
Sample weights: top 89.5 gm, midplane 20.3 gm, bottom 90.2 gm 
-4 Vacuum: less than 1 x 10 t o r r  
Out s i d e  Ins ide  
Sample 
Thick- 
Compressive Load Temperature Temperature - AT Heat Flux ness  Conductance 
(Ps i )  ( F) (F) (F) (Btu/hr f t 2 )  ( i n )  (Btu/ft2hroF) 
0.01 2 80 
0.01 -320 
1.25 2 87 
1.25 -320 
15 2 83 
15 -320 
0.01 29 8 
0.01 -320 
2.3 t o  4.2 x 227 
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TABLE 26. PERFORMANCE OF SAMPLE MSC-02 
Description: (1) NASA S t y l e  4190B with carboxy n i t r o s o  coating on 
both s i d e s  
(7) laminated composite s h i e l d  and spacer Sch j e ldah l  
S t y l e  X993 
(2) bladder l a y e r s  
Sample weight: 
Vacuum: less than 1 x t o r r  
Top 78.3 g m ,  midplane 20.3 gm, bottom 75.3 gm 
S amp l e  
Outside Ins ide  Thick- 
(Ps i )  (F) (F) (F) (Btu/hr  f t 2 )  ( i n )  (Btu/ft2hroF) 
Compressive Load Temperature Temperature - AT Heat Flux ness  Conductance 
2.1 to 3.7 310 17  2 138 3.02 0.127 0.0219 
0.83 t o  1.66 x -320 17 2 492 3.02 0.127 0.00615 
2.1 to 3.7 299 16 7 132 2.74 0.127 0.0208 
0.83 t o  1.66 x -320 167 487 2.74 0.127 0.00563 
0.03 302 13 7 165 6.63 0.106 0.0402 
0.03 -320 13  7 457 6.63 0.106 0.0145 
0.27 302 112 190 19.8 0.085 0.104 
0.27 -3 20 112  432 19.8 0.085 0.0457 
16 295 64 231 209. 0.059 0.905 
16.  -320 64 384 209. 0.059 0.545 
0.0016-0.003 302 14 5 15 7 2.16 0.135 0.0137 
0.0016-0.003 -3 20 14 5 465 2.16 0.135 0.00465 
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TABLE 27. PERFORMANCE OF SAMPLE MSC-03 
Description: (1) NASA S t y l e  4190B wi th  carboxy n i t r o s o  coating on 
both s i d e s  
(7) Laminated composite s h i e l d  and spacer  Schjeldahl  S t y l e  
x993 
(7) NASA S t y l e  4897 Beta marquiset te  
(2) bladder l a y e r s  
Sample weights: top 99.0 gm, midplane 20.3 gm, bottom 99.0 gm 
Vacuum: less than 5 x 10 t o r r  -5 
S amp l e  
Outside I n s i d e  Thick- 
Compressive Load Temperature Temperature AT H e a t  Flux Ness Conductance 
2 
- 
( F) (F) (F) (Btu/hr f t  ) ( in )  (Btu/ft2hroF) (Ps i )  
2.5 t o  4.6 x lom3 
1.05 to 2.1 
1.05 to 2.1 

































































6.75 x 10’’ 
3.70 x 10-1 
- 
13 7 
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TABLE 28. PERFORMANCE OF SAMPLE MSC-04 
Description: (2) Stevens S t y l e  15035 tight-weave Beta f i b e r g l a s s  
0 
(7) 0.5-mil Kapton with 1200 A l i q u i d  b r i g h t  gold both  s i d e s  
(24) Burlington S t y l e  104 wi th  5% f l u o r e l  s t a b i l i z a t i o n  
( 2) bladder l a y e r s  
Sample weights: top 90 gm, midplane 8.7 gm, bottom 90 gm 
Vacuum: less than 1 x t o r r  
Outside I n s i d e  
S amp l e  
Thick- 
(ps i )  
2.80 t o  3.67 x 
0.87 t o  1.75 x 
2.80 t o  3.67 x 



























































Compressive Load Temperature Temperature - AT H e a t  Flux ness  Conductance 
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TABLE 29. PERFORMANCE OF SAMPLE MSC-05 
Description: (2) Stevens S t y l e  15035 tight-weave Beta f i b e r g l a s s  
0 
(7) 0.5-mil Kapton with 800 A aluminum both s i d e s  
(8) Stevens S t y l e  2530 Beta marquiset te  
(2) bladder layers  
Sample weights: 
Vacuum: less than 1 x t o r r  
Top 88.8 gm, midplane 20.2 gm, bottom 87.1 gm 
Outs i d  e 
Compressive Load Temperature 
( p s i )  (F) 
3.38 to 4.35 198  
0.98 t o  1.97 x -320 
3.38 to 4.35 294 
0.98 to 1.97 x lom3 -320 
0.01 19 6 
0.01 -3 20 
0.01 292.5 
0.01 -320 
0.1 19 7 
0.1 -3 20 
0 .1  3 03 
0.1 -320 
2.0 19 7 




15.0 -3 20 
15.0 296.5 























Ins ide  Thick- 
Temperature AT H e a t  Flux ness  Conductance - 
(F) (Btu/hr f t 2 )  ( i n )  (Btu/f tL hr°F) 
122.5 ,491 
395.5 .491 
15 4 .710 
460 .310 
123 .624 
3 93 .624 
154 1.21 
458.5 1 .21  
13 7 5.32 
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TABLE 30. PERFORMANCE OF SAMPLE MSC-06 
Stevens S t y l e  15035 tight-weave Beta f i b e r g l a s s  
0.25-mil Mylar with 360 A aluminum both s i d e s  
Stevens S t y l e  2530 Beta marquiset te  
bladder l a y e r s  
0 
Sample weights: 
Vacuum: less than 7 x t o r r  
Top 83.7 gm, midplane 20.5 gm, bottom 82.0 gm 
Sample 
Outside I n s i d e  Thick- 
Compressive Load Temperature Temperature Heat Flux ,. ness  Conductance 
( p s i )  
3.22 t o  4.13 x 
0.93 t o  1.85 x 
3.22 t o  4.13 x loV3 
0.93 t o  1.85 x lom3 
3.22 to 4.13 






0 .1  








































































14 3 82.7 
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TABLE 31. PERFORMANCE OF SAMPLE MSC-07 
Description: (2) Stevens S t y l e  15035 tight-weave Beta f i b e r g l a s s  
0 
(7) 0.25-mil Mylar w i th  900 A aluminum both s i d e s  
(8) NRC nonwoven Dacron b a t t  
(2) bladder l a y e r s  
Sample weights: Top 56.6 gm, midplane 20.5 gm, bottom 56.6 gm 
-5 Vacuum: less than 1 x 10 t o r r  
Sample 
Outside I n s i d e  Thick- 
(Ps i )  (F) (F) (F) (Btu/hr f t  ) ( in)  (Btu/ft2hroF) 
Compressive Load Temperature Temperature E H e a t  Flux ness  Conductance 
2 
2.39 t o  3.03 x 204 89.3 114.7 0.577 0.168 0.00503 
0.64 to 1.29 x -320 89.3 409.3 0.577 0.168 0.0014 
2.39 to 3.03 x 3 09 194 115 1.01 0.166 0.0088 
0.64 t o  1.29 x -320 19 4 5 14 1.01 0.166 0.0019 
. 01 206.5 76.3 130.2 1.348 0.107 0.0103 
. O l  -320 76.3 396.3 1.348 0.107 0.0034 
. O l  
. 01 
304 181.7 122.7 2.59 0.108 0.0211 
-320 181.7 501.7 2.59 0.108 0.0052 
. O l  206 50.1 155.9 6.83 0.070 0.0438 
. O l  
. O l  
-3 20 50 .1  370.1 6.83 0.070 0.0185 
292.5 145.3 147.2 8.48 0,060 0.0576 
. O l  -320 145.3 465.3 8.48 0.060 0.0182 
2.0 
2.0 
19 9 59 140 111.9 0.035 0.799 
-3 20 59 379 111.9 0.035 0.2952 
2.0 295.9 156.5 139.4 183.1 0.036 1.313 
2.0 
15.0 
-320 156.5 476.5 183.1 0.036 0.3842 
196 50.5 145.5 121.7 0.029 0.8364 
15.0 -320 50.5 370.5 121.7 0.029 0.3285 
15.0 
15.0 
301.5 12 1 180.5 536.9 0.030 2.974 
-320 12 1 441 536.9 0.030 1.217 
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TABLE 32. PERFOREIANCE OF SAMPLE MSC-08 
Description: ( 2 )  Stevens S ty l e  15035 tight-weave Beta f i b e r g l a s s  
( 7 )  0.5-mil Kapton with 800 A aluminum both s i d e s  
( 2 4 )  Burlington S t y l e  104 with 5% f l u o r e l  s t a b i l i z a t i o n  
( 2 )  bladder layers  
0 
Sample weight: 
Vacuum: less than 2 x t o r r  
Top 84.3 gm, midplane 20.9 p, bottom 87.0 gm 
Outside 
Compressive Load Temperature 
(Psi)  (F) 
3.30 to 4.26 x 197 
0.93 t o  1.87 x -320 
3.30 t o  4.26 x 298.8 
0.93 t o  1.87 x -320 
. O l  202 
. 01 -320 
.01 302 
.01 -3 20 
.01 200.5 
. 0 1  -320 
.01 3 02 
* 01 -3 20 
2.0 200.6 
2.0 -320 
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